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ABSTRACT
The Guelb Moghrein Fe oxide-Cu-Au-Co deposit is located in the central Mauritanides fold-
and-thrust belt, in the Akjoujt region, northern Mauritania. The deposit is hosted by an
Archean metavolcanosedimentary sequence at the western boundaries of the West African
Craton. Sericite-quartz- and biotite-garnet-quartz schists that belong to the Saint Barbe
Volcanic unit make up the stratigraphic base of the lithological sequence in the pit. The
sericite-quartz schist represents a metatuff of rhyodacite to rhyolite composition and the
biotite-garnet-quartz schist is an intercalating metapelite. A suite of metavolcanic rocks of
the Akjoujt Metabasalt unit including massive amphibolite lenses, biotite-actinolite- and
chlorite schists dominate the deposit area. Textural and geochemical analyses indicate that
the precursor volcanic rocks are submarine, andesites/basalts crystallized in a volcanic
arc/continental margin setting. The Fe oxide-Cu-Au-Co mineralization is hosted by a lensoid
metacarbonate body in the central part of the pit area. The metacarbonate is a massive,
very coarse-grained rock, consisting of up to 5 cm large siderite crystals. A line of evidence
including geochemical and stable isotopic signature of the siderite indicates that the
metacarbonate represents marine metasediment deposited in a continental shelf setting.
Thermobarometric analyses on the regional lithologies record a clockwise retrograde
P-T path subsequent to thrust deformation events. Peak, amphibolite facies metamorphism
for the amphibolite of the Akjoujt Metabasalt unit was calculated at 580 ±40°C and 5 kbar.
Retrograde shearing of the amphibolite during the northeastward D2 regional thrust event
resulted in the development of the S2 foliation and the formation of the biotite-actinolite
schist. This retrograde overprint occurred at 410 ±30°C and ca. 3 kbar. The D2 event
resulted in overthrusting of the Akjoujt Metabasalt unit by the Saint Barbe Volcanic unit as
well as the IOCG hydrothermal mineralization in the metacarbonate. Subsequent eastward
D3 thrusting resulted in the retrogression of amphibolite to chlorite schist under retrograde
lower greenschist facies metamorphism. The shape analysis of the metacarbonate body
indicates that its lensoid geometry is the result of planar alignment and thin-stacking during
the D2 event.
The economic Fe oxide-Cu-Au-Co mineralization at Guelb Moghrein is confined to
discrete D2 shear zones that truncate the metacarbonate body. The ore bodies occur in
breccia zones developed in the metacarbonate and form multiple, up to 30 m wide, tabular,
foliation (S2) parallel lenses that dip moderately SW. The breccia zones have a characteristic
geometry of central, ductile Fe-Mg clinoamphibole-chlorite phyllonite surrounded by a
progressively developed breccia of fractured siderite. In these damage zones, a massive
sulfide-arsenide-gold assemblage formed together with low-Ti magnetite, Fe-Mg
clinoamphiboles, and graphite in more distal parts replacing the brecciated siderite.
Geochemically, the breccia zones are characterized by substantial enrichment of several
elements that include Fe, Cu, Au, and Co as well as Si, S, As, U, Th, F, REE, Bi, Ag, Bi, and
Te. Peripheral to the metacarbonate in the Akjoujt Metabasalt unit a ca. 40 m wide biotite-
chlorite-grunerite-calcite alteration halo developed during hydrothermal alteration. The bulk
of the alteration assemblage occurs in the recrystallized feldspar matrix; however this zone
is not significantly mineralized. Towards the ore bodies, the biotite-chlorite-grunerite-calcite
alteration halo records progressive enrichment in K, Fe, and Mg, REE, S and Cu and
depletion in Na, and Sr relative to least altered amphibolite.
The primary ore mineralogy in the breccia zones is dominated by pyrrhotite and
chalcopyrite and includes Fe-Co-Ni arsenides, arsenopyrite, cobaltite, Bi-Au-Ag-Te minerals
as well as magnetite, Fe-Mg clinoamphiboles, chlorite, graphite, apatite, xenotime and
monazite. The paragenetic assemblages indicate a relative high formation temperature
(400-450 oC) in agreement to the calculated retrograde metamorphic conditions. The
principal metal, gold, is found either in native form, in solid solution with silver (electrum)
or bismuth (maldonite) or in a complex Bi-Au-Ag-tellurides and is associated with
arsenopyrite and clinosafflorite. Exsolution mineralogy includes troilite, pentlandite,
cubanite, mackinawite and nickeline. This assemblage was formed in a temperature range
of 200-250 oC, under lower greenschist facies metamorphism, during D3.
The isotopic composition of siderite from the breccia is characterized by depletion of
13C values and enrichment of 18O values attributed to the partial decarbonation of siderite
and subsequent equilibration with the hydrothermal fluid. The occurrence of graphite with
siderite and magnetite, and the very light isotopic composition of graphite are consistent
with an abiogenic origin of graphite by carbonate reduction of siderite at temperatures ca.
430 oC. The isotopic composition of the hydrothermal fluid responsible for the mineralization
at the Guelb Moghrein was calculated from the measured 18O, D and 34S values of
paragenetic minerals from the breccia zones. The calculated isotope values obtained are
consistent with a single fluid of metamorphic origin.
Radiometric U-Pb and Pb-Pb dating applied on hydrothermal REE-phosphates from the
main ore zones addresses the hydrothermal activity at Guelb Moghrein and consequently
the deformational events on regional scale. Phosphates associated with the primary sulfide
ore assemblage are type I monazite and xenotime. The age obtained for type I phosphates
of 2492 ±9 Ma is interpreted to reflect the age of hydrothermal fluid flow and associated ore
formation during regional D2 deformation. Type II monazite and xenotime as well as the
composite type III grains are also hydrothermal in origin, but they are not part of the
primary ore mineral assemblage. They formed because of localized fluid flow and fluid–rock
reaction during subsequent D3 thrusting. Textural and chemical evidence indicate that type I
phosphates that were exposed in the later D3 shear zones to hydrothermal fluid flow reacted
with the fluid to form either new monazite and, to a much lesser extent, xenotime grains
with complete isotopic resetting or, in cases of incomplete dissolution, secondary phosphate
overgrowths formed on older cores, as indicted by the composite grains. Timing of the D3
event and fluid flow is recorded by the age of type II phosphates of 1742 ±12 Ma.
The combination of the data from this study provides initial constraints on the establishing a
genetic model for Fe oxide-Cu-Au-Co mineralization at the Guelb Moghrein deposit. A
structural control of the Fe oxide-Cu-Au-Co mineralization is provided by the D2 shear
zones, which reactivated the lithological contact between metacarbonate, amphibolite, and
Fe-Mg clinoamphibole-chlorite phyllonite in the footwall of the D2 thrust, in response to
compression, as a result of the accretion of the West African margin at 2492 Ma. Retrograde
shearing resulted in ductile deformation of the amphibolite and Fe-Mg clinoamphibole
phyllonite, and brittle deformation of the metacarbonate. Dewatering of the amphibolite by
the breakdown of hydrous minerals at depth during metamorphism generated saline,
chlorine-rich fluids. The fluid originating at depth leached S, K, Fe, Au, Cu, Co, Bi, REE and
other metals from the mafics just prior to ore deposition, proximal to the shear zones. Large
quantities of this metamorphic, metalliferous fluid entered the D2 shear zones, which
focused the fluid as it was driven upwards. The mineralizing fluid migrated through the
metacarbonate unit by tectonic pumping mechanisms, and accumulated in the breccia
structures where metals precipitated from the hydrothermal solution. Reaction of the fluid
with the siderite of the metacarbonate at temperatures between 400 and 450 oC resulted in
the formation of magnetite, Fe-Mg clinoamphiboles and graphite and under increased S
fugacities precipitation of Au-bearing arsensulfides and sulfides. Potassic and iron alteration
associated with mineralization resulted in the development of a 40 m wide biotite-chlorite-
grunerite-calcite zone along the contact of the metcarbonate and the amphibolite.
Continuing accretion of the cratonic margins gave way to a second stage of retrograde
metamorphism at lower greenschist facies during D3 at 1742 Ma, in response to
compressional tectonism. Localized fluid flow resulted in the local requilibration of the
alteration and ore mineralogy.
KURZFASSUNG
Die Fe-Oxid-Cu-Au-Co Lagerstätte Guelb Moghrein liegt an einer Krümmung der
Mauretaniden Gebirgskette, nahe der Ortschaft Akjoujt, in Nord Mauretanien. Die
Hauptlithologien von Guelb Moghrein umfassen Archaische metasedimentäre und
metavulkanische Gesteine, die am Rand des West Afrikankratons aufgeschlossen sind. Die
stratigraphische Basis im Tagebau, umfasst Serizit-Quarzschiefer und Biotit-Granat-
Quarzschiefer der Sainte Barbe Vulkanite Einheit. Die Serizit-Quarzschiefer repräsentieren
einen rhyodazitischen bis rhyolitischen Vulkanit (Metatuffit) wobei die Biotit-Granat-
Quarzschiefer zwischenabgelagerte Metatapelite representieren. Die stratigrafisch höher
gelegene Akjoujt Metabasalt Einheit dominiert den zentralen und nördlichen Teil des
Tagebaus. Sie umfassen massive Amphibolitlinsen, Biotit-Aktinolithschiefer und
Chloritschiefer. Die Edukte metamorph überprägter Gesteine sind basaltisch-andesitsche
Subvulkanite deren geochemische Charakteristika auf ein Bildungmillieu an vulkanischen
Bögen eines aktiven Kontinentalrandes hinweisen. Das Nebengestein der Fe-Oxid-Cu-Au-Co
Mineralisation ist ein linsenförmiger Metakarbonatkörper im nördlichen Teil des Tagebaus.
Das ist ein massiver, sehr grobkörniger, dunkelgrauer Körper aus idiomorph ausgebildeten,
bis zu 5 cm großen Siderit Kristallen. Die geochemische Signatur sowie Isotopie des
Siderits, werden einem marinen sedimentären Ablagerungsmilieu zugeschrieben.
Thermobarometrische Analysen dokumentieren einen retrograden, im Uhrzeigsinn
verlaufenden P-T Pfad, für die tektonometamorphe Entwicklung der Guelb Moghrein
Lithologien. Die Bedingungen der Peak-Metamorphose im Amphibolit der Akjoujt
Metabasalte weisen Teperaturen von 580±40 °C bei 5 kbar auf. Eine NNW-gerichtete
Überschiebung bildete als D2 unter retrograder Metamorphose eine S2 Foliation (Biotit-
Aktinolitschiefer) und überkippte Falten heraus. In diesem Stadium erfolgte die
Aufschiebung der Sainte Barbe Vulkanite auf die Akjoujt Metabasalte sowie die Bildung der
hydrothermalen IOCG Mineralisation in dem Metakarbonat. Die P-T Bedingungen der
retrograden Metamorphose unter D2 wurden mit 410±30 °C bei 3 kbar bestimmt. Ein drittes
Ereignis D3, hat durch ENE-gerichtete Überschiebungen alle Einheiten bei unter-
grünschieferfazieller Metamorphose retrograd überprägt (Chloritschiefer). Die S2 Foliation
wurde durch S3 krenuliert und teilweise zu aufrechten N-S streichenden Falten deformiert.
Die Vererzung ist geknüpft auf diskrete D2 Scherzonen, die den Metakarbonatkörper
durchschlagen. Hierdurch bildet die Lagerstätte multiple, bis zu 30 m mächtige linsförmige,
mineralisierte Brekzien. Es werden zwei Typen von Brekzien unterschieden:
(1) Puzzlebrekzien in Klinoamphibol-Chloritschiefern mit bis zu 5 cm mächtigen und 20 cm
langen, linsenförmigen Klasten in einer Matrix aus Massivsulfiden. Aufgrund der Geochemie
und der Wechsellagerung mit dem Metakarbonat, werden die Klinoamphibol-Chloritschiefer
als ursprünglich Fe-reiche marine Ablagerungen zwischen den Karbonaten interpretiert,
(2) kieselförmige Brekzien bestehen aus Sideritklasten in einer Matrix aus Arsen-Gold-
Sulfiden, Magnetit und Fe-Mg-Klinoamphibolen. Die Sulfidmineralisation verdrängt die
Sideritklasten entlang von Korngrenzen, Spaltbarkeit und Brüchen. Das Klast-Matrix
Verhältnis in diesen brekziierten Körpern vergrößert sich mit zunehmender Entfernung zu
den Scherzonen. Der Metakarbonatkörper ist geochemisch von der starke Zufuhr von Fe,
Cu, Au und Co sowie Si, S, As, Co, U, Th, F, REE, Bi, Ag, Bi und Te gekennzeichnet.
Vom Metakarbonatkörper in die Akjoujt Metabasalte hinein reicht ein 40 m mächtiger
Alterationshof. Die Alterationsminerale Biotit, Aktinolit, Grunerit, Chlorit, Calcit, Albit und
Quarz befinden sich zum Großteil in der rekristallisierten Feldspatmatrix des Gesteins. Der
Alterationshof enthält wenige Erzminerale. Der Anteil an den Alterationsmineralen nimmt
kontinuierlich vom Kontakt mit dem Metakarbonat hin zu den Biotit-Aktinolithschiefern ab.
Der Alterationshof ist angereichert in Fe, Mg, Cu, Au und Co sowie S, As, Co, U, Th, F, REE
gegenüber den unalterierten Metabasalte.
Es können zwei Phasen der Erzmineralisation unterschieden werden. Die Hauptphase
der Mineralization ist durch Pyrrhotin und Chalkopyrit gekennzeichnet. Nebengemeingteile
sind Fe-Co-Ni Arsenide, Arsenopyrit, Kobalthit, Pechblende und Bi-Au-Ag-Te Minerale sowie
Magnetit, Klinoamphibole, Chlorit, Graphit, Apatit, Xenotim und Monazit. Die
Temperaturebedingungen der Erzmineralisation wurden über die unterschiedlichen
Sulfidparagenesen zwischen 400-450 °C eingegrenzt. Ein späteres Niedrichtemperaturiertes
Ereignis ist von einer Verdrängungsparagenese aus Troilit, Pentlandit, Mackinawit, Kubanit
und Nikelin repräsentiert. Ihre Bildung wird dem D3-Deformationsereignis bei 200-250 °C
zugeordnet.
Die isotopische Zusammensetzung des brekziierten Siderits ist durch eine 18O
Anreicherung und 13C Abreicherung gegenüber undeformierten Metakarbonaten
gekennzeichnet. Diese Veränderung ist mit möglichen Isotopenaustauschreaktionen
zwischen Siderit und dem Erzfluid assoziiert. Graphit kommt immer zusammen mit Siderit
und Magnetit vor. Die aus Graphit gewonnenem, extrem leichte 13C Isotopie weist auf eine
abiogene Entstehung des Graphits hin, durch Dekarbonisierung des Siderits bei
metamorphen Bedingungen bei ca. 430 oC. Demnach hätte sich der Graphit aus Siderit
gebildet, das sich in Magnetit, Kohlendioxid und elementarem Kohlenstoff auftrennt. Die
isotopische Zusammensetzung des Erzfluids wurde durch Messung der 18D, D und 34S
Isotopie paragenetischer Minerale eingegrenzt. Die Ergebnisse der Untersuchungen weisen
auf eine externe Quelle des hydrothermalen Fluids und eine metamorphe Entstehung hin.
Deformation und Mineralisation wurden mit Hilfe der Systeme U-Pb und Pb-Pb datiert.
Zwei Generationen hydrothermal gewachsener Monazite und Xenotime können definiert
werden. Typ-I Phosphate in mineralisierten Brekzien sind mit der Hauptphase der
Mineralization assoziiert. Die U-Pb Alters Methode ergibt ein Alter von 2492 ±9 Ma für das
D2 Deformationsereignis und die Goldmineralization in Guelb Moghrein. Typ-II und III
Phosphate sind durch Verdrängung der primären (Typ-I) Phosphate während des D3
Deformationsereignisses entstanden. Das Alter der D3 Deformation und der sekundäre
Mineralization liegt dementsprechend bei 1740 ±13 Ma.
Aus dem in dieser Arbeit gewonnen Einsatz, kann ein genetisches Modell für die
Mineralization in Guelb Moghrein aufgestellt werden. Die Platznahme der hydrothermalen
Mineralisation, erfolgte in einem System von Scherzonen während der regionalen D2
Überschiebungstektonik und der Brekziierung des Metakarbonatkörpers durch spröd-duktile
Deformation bei 2492 Ma. Eine syntektonische, retrograd Metamorphose führte zu
Rekristallisation und Bildung, einer penetrativen Schieferung in den regionalen Lithologien.
Die geochemische Anreichung von Fe, Cu, Co, Au u.a. in Nebengesteinen deutet auf eine
externe Generierung der mineralisirenden Fluide bzw. aus den mafischen Lithologien der
Akjoujt Metabasalt Einheit. Die externe Fluidquelle wird unter anderem durch die
Isotopenwerte des Fluides angezeigt. Entwässerung des Amphibolits während prograder
Metamorphose durch den Durchbruch wasserhaltige Mineralien generierte hoch-saline und
Chlor-reiche hydrothermale Lösungen. Cl-Ionen können Komplexe mit Metallen bilden und
somit den Transport von Fe, Cu, Au und Bi in den Metakarbonatkörper ermöglicht haben.
Während der Fluidfluß entwickelte sich dieses metamorphe Fluid hin zu höher Salinitäten
und angereichert mit der Metalle. Das Aufsteigen und die Fokussierung der
mineralisierenden Fluide erfolgte entlang von D2 Störungen während der retrograde
Metamorphose und der Migration über Risse und Brüche in das Nebengestein. Die
Brekziierung des Metakarbonatkörpers schaffte ein Bruchsystem durch das die Einleitung
des Fluids ermöglicht wurde. Brekziierung gewährleistet sekundäre Porosität für den
Fluiddurchfluss und der Siderit wird durch Lösung verdrängt. Durch Karbonatlösung wird
Raum für weiteren Fluiddurchfluss und für die Abscheidung der Erzminerale geschaffen. Die
Abscheidung von Sulfiden ist durch Sättigung des Fluids in Metalle und Reaktion mit dem
Nebengestein während der Karbonatverdrängung. Das thermotektonische D3 Ereignis wird
von der späteren Chloritgeneration angezeigt. Ihr Bildungsalter liegt bei 1740 Ma.
Währendessen wurden alle Lithologien in Guelb Moghrein nochmals deformiert. Das D3
Kompressionsereignis führte zur Bildung von Diskontinuitäten in den mineralisierten
Schichten.
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INTRODUCTION
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1 INTRODUCTION
Mauritania has been the subject of intermittent exploration from the 1970s through the
1990s, and a significant number of copper-gold deposits and occurrences have been
confirmed in a variety of regions and geological settings throughout the country. Recent
geological surveys have classified the copper and gold deposits of Mauritania into three
categories. These include (a) Banded Iron Formation-hosted hydrothermal gold deposits (b)
Archean vein-type gold deposits and (c) carbonate-hosted iron oxide-copper-gold (IOCG)
deposits. The first two types of mineralization occur mainly in the Archean rocks of the
Reguibat Shield and include the Tasiast BIF-hosted gold deposit (12.07 Mt at 3 g/t Au) and
the Tijirit and Ator lode gold prospects (Figure 1.1; Howe International Ltd. 2003). Iron
oxide-copper-gold (IOCG) mineralization is found in the folded and thrusted rocks of the
Mauritanides orogenic belt (Strickland and Martyn 2002; Eden 2003). The majority of the
iron oxide-copper-gold occurrences is located mainly in two areas, the Akjoujt area in the
central part of the belt and the Selibabi-Mbout area in the south (Figure 1.1).
Figure 1.1 Generalized geological map of Mauritania showing the major copper and gold
occurrences. Adopted from Eden (2003) and modified.
All of the IOCG mineralization in the Akjoujt area is associated with coarse-grained
Fe-Mg-Ca carbonate bodies (Strickland and Martyn 2002; Eden 2003). Typical examples of
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carbonate-hosted iron oxide-copper-gold mineralization are the Guelb Moghrein deposit and
the El Khader, Kdeyat El Joul, Sainte Barbe, Breche and Tabrinkout prospects (Figure 1.1).
They represent carbonate bodies in form of layers, pods, lenses and stockwork systems with
association to magnetite and/or hematite, copper sulfide and gold mineralization (Strickland
and Martyn 2002). Occurrences in the Selibabi-Mbout area, such as Kadiar and Diaguili, are
less substantial, and are associated with sheared, carbonate-altered serpentinite and mafic
volcanics (Strickland and Martyn 2002; Eden 2003).
1.1 Location and Mining history of the Guelb Moghrein deposit
The Guelb Moghrein iron oxide-copper-gold-cobalt deposit is located 260 km northeast of
the capital city Nouakchott, near Akjoujt town in the Inchiri Province of Mauritania, at
latitude 19o44’45’’ and longtitude 14o25’40’’ (Figure 1.1 and 1.2). The Guelb Moghrein
consists of the Oriental and Occidental carbonate-hosted ore bodies being the only
previously worked for copper and gold deposit in Mauritania.
The Akjoujt area in central Mauritania shares honors with another area, in central
Niger, for the earliest copper mining and metallurgy found in Africa. Ancient copper artifacts
began to be noticed by French archeologists in that area in the early twentieth century. In
1968, archaeological excavations in what was known as the “Bat Cave” -today Guelb
Moghrein, revealed that it was not a cave at all, but an ancient mining gallery dug by
humans following a rich vein of malachite ore. The ore was not only extracted, but locally
smelted, as furnace remains and slag attest (Alpern 2005). Several ancient exploitation
sites and at least four metallurgical centers have been found in Akjoujt area including the
excavated trenches of the Saint Barbe (Micuma 1952; Alpern 2005). The copper objects
found and attributed to the ancient Akjoujt metallurgical industry include weapons such as,
arrowheads, lance points and daggers, as well as tools, like hatchets, pins and hooks.
Radiocarbon dates fall within the range from 1258 BCE to 130 BCE indicating that copper
ore was being smelted in the region for the greater part of the first millennium BCE (Alpern
2005). The metallurgy is believed to be taken to Akjoujt and further in Niger by Berber
artisans from Spain and Morocco.
After the rediscovery of the Guelb Moghrein deposit in 1946 by A. Blanchot (Blanchot
1947), the first modern exploitation began in 1967 when the Mauritanian government
formed a joint venture company, the Mining Company of Mauritania (Société des Mines de
Mauritanie - SOMIMA) to exploit the supergene-enriched copper in the oxide zone. In 1970
the world’s second largest TORCO (Treatment of Refractory Copper Ores) treatment plant
was built at Akjoujt. The commencement of copper exploitation at the Guelb Moghrein laid
the foundations for the development of the Akjoujt town, which during that time counted
more than 5.000 inhabitants. The infrastructure included the plant, mining fleet, water and
power supply and 260 km of bitumen road to the port. Oxide reserves at the time were
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7.7 Mt at 2.7 % Cu and 3.1 g/t Au overlying open pit sulfide reserves totaling 15 Mt of
1.8 % Cu and 1.0 g/t Au (Strickland and Martyn 2002). Operations began in 1973 but
closed in 1975 because of the combination of high operating costs and falling world
commodity prices. In 1975 the company was sold to SNIM (Societe Nationale Industrielle et
Miniere), which reopened the mine and continued to operate it at a loss until 1978, when
the government separated SOMIMA from SNIM and closed the mine.
In the early 1980s, plans were laid to reopen the mines with backing from the Jordan-
based Arab Mining Company of Inchiri (Société Arabe des Mines de l'Inchiri - SAMIN). By
1987, however, SAMIN had abandoned plans to operate the copper mine because of
continued low world commodity prices and the high costs of processing the low-grade ore
with its high arsenic content. In a related development, SAMIN planned to open a plant at
Akjoujt to process the old TORCO tailings for gold content. Operations were scheduled to
begin in 1988 and consequently completed in 1996 after the incorporation of MORAK (Mines
d’Or de Akjoujt) in 1991 and General Gold International SA (GGISA) in 1993. Gold
recoveries using the Hunt process reached 85 % producing a total of 158.000 oz Au
(Strickland and Martyn 2002).
In 1996, Guelb Moghrein Mines d’Akjoujt (GEMAK) -a joint venture of SAMIN and
GGISA, conducted a feasibility study into the development of the remaining oxide and
sulfide resources at Guelb Moghrein. Following extensive RC and diamond drilling, resource
estimation, metallurgical sampling and test work a bankable feasibility study was completed
in 1997 by Kilborn-SNC Lavalin Europe Ltd. The total measured and indicated resource is of
23.6 Mt at 1.88 % Cu, 1.41 g/t Au and 143 g/t Co. In 2004, First Quantum Minerals Ltd.
(FQM) purchased an 80% interest in the Guelb Moghrein copper-gold project and in late
2005 commenced engineering operations. Production is targeted at approximately 30.000
tonnes of copper and 50.000 ounces of gold per year for a ten year period of operation
(First Quantum Minerals Ltd. 2006).
Figure 1.2 The Guelb Moghrein deposit. View from Guelb Moghrein Oriental (east) orebody
towards the Guelb Moghrein Occidental (west). On the left side the open pit area, to the
right the wastes dump. The old TORCO treatment plant is visible in the right to the
background (March 2003).
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1.2 Previous works
The first detailed geological map of the broad Akjoujt area at a scale of 1:200.000 was
published by J. Marcelin in 1968 (Marcelin 1968) following the description and interpretation
of the stratigraphy and structure of the Akjoujt area of Giraudon and Sougy (1963),
Michaud (1963) and Giraudon (1964). The first radiometric geochronology in the Akjoujt
region was made by J. Lécorché and N. Clauer in 1984 (Lécorché and Clauer 1984). A
1:50.000 scale field mapping in the area was carried out by J. Martyn between 1998 and
1999 (Martyn 1998). The mapping was supported by interpretation of aerial photographs,
satellite imagery and aeromagnetic surveys, and by petrographic studies. The results on the
stratigraphy, structure and mineralization in the Akjoujt area were published in 2004 by
J. Martyn and C. Strickland (Martyn and Strickland 2004).
The ore mineralogy and metallurgy of the Guelb Moghrein deposit has been studied by
H. Rahmdohr (Rahmdohr 1957) and H. Vincienne (Vincienne 1958). In addition, the
mineralogy was the subject of the Ph.D Thesis of A. Ba Gatta (1982) with the title
“Contribution á l’ etude géologique et minéralogique du gisement d’Akjoujt (Mauritanie)”
and of a paper by Pouclet et al. (1987). In 2002, Strickland and Martyn based on field and
mineralogical associations classified the Guelb Moghrein deposit to the IOCG class of
deposits (Strickland and Martyn 2002). The evaluation of the potential for IOCG deposits
similar to the Guelb Moghrein in the Akjoujt region as well as in Mauritanides South was
carried out by K. Eden (2003). The tectonic evolution and the structural elements of the
Guelb Moghrein deposit have been recently investigated by J. Kolb (Kolb et al. 2006).
As with other carbonate-hosted Au deposits in that region, the tectonic setting and the
ore-fluid evolution at the Guelb Moghrein deposit are poorly understood. In the last four
decades, several hypotheses for the geological evolution of the deposit area have been
proposed. Pouclet (1987) based mainly on the stratiform morphology of the host rocks,
proposes a stratiform style of deposit, partly remobilized, and placed to the nose of a
recumbent syncline, within sedimentary carbonate layers which intercalate metabasic
schists. Ba Gatta (1982) links the mineralization to a predominant basic volcanism,
suggesting a genetic model close to the volcanic-hosted massive sulfide deposits. Strickland
and Martyn (2002) and Kolb et al (2006), situate the deposit within a low angle, ductile
shear zone, recognizing epigenetic features at the ore mineralization. They suggest a
metamorphic origin for the ore-bearing fluids that reacted with the host carbonate during
regional deformational and metamorphic events. The origin of the carbonate body, which
hosts the iron oxide-copper-gold-cobalt mineralization, is either explained by a sedimentary
(Pouclet et al. 1987) or an alteration model, where the carbonate is formed during the
hydrothermal Fe oxide-Cu-Au-Co mineralization (Strickland and Martyn 2002).
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1.3 Purposes and objectives of this study
The research efforts for this work have been directed in specific topics and aspects which
primarily included an overview of the deposit’s place in the tectonic, geologic and
metallogenic framework of the region as a whole.
The primary objectives of this study were to:
 Define the geometry of the ore body, the architecture of the hydrothermal system and
its structural controls
 Produce a petrographic classification of the host rocks, alteration and ore mineralogy
 Establish a hydrothermal alteration pattern based on the geochemical changes in bulk
rock and mineral composition in the alteration zones
 Place the iron oxide-copper-gold-cobalt formation in the absolute geological time-scale
 Formulate a P-T-t-D path
 Calculate the physicochemical conditions and changes of the fluid during the evolution of
the mineralizing event
 Define the nature and source of the fluid(s) involved in the ore mineralization
 Develop a genetic model for the Guelb Moghrein hydrothermal system
And finally give new information arisen from the research relevant to the understanding of
the IOCG class of deposits.
1.4 Methods of Investigation
1.4.1 Fieldwork
The fieldwork was conducted during a two-week field trip in the Guelb Moghrein mine from
7 to 19 March 2003. The priority of the fieldwork was the detailed mapping of the
lithological and structural units that outcrop in the open pit area. All outcrops were mapped
and sampled, a geological-mineralogical description of the samples documented and all
sample locations were plotted on a topographical reference map of 1:250 scale (constructed
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by SAMIN 1995). In addition, two days were spent in the storehouse of cores from the
diamond and RC (Reverse Circulation) drill holes from the Guelb Moghrein deposit. 4
diamond drill cores (three vertical and one inclined) drilled along strike of 50 m interval,
were selected as most representative. These transect both wall- and host rock units
including the high-grade ore zones, and were logged in detail, and sampled at an average
interval of 3 m. A total of 140 hand specimens (40 open pit samples and 100 drill core
samples) were collected during the fieldwork.
1.4.2 Computer work
A detailed 3-dimensional (3D) graphic representation of the Guelb Moghrein ore body was
modelled utilizing the software DataMine Studio 2.0®. The source data used for the
development of the 3D model of the Guelb Moghrein ore body originated from 105 RC and
diamond drill holes assay-logs which describe the properties of the drill holes. In the
properties included accurate information of compositional variations of copper, gold and
other metals in the drill cores for every meter interval. The complete drill hole dataset
belongs to the exploratory drilling programme which was made by GGISA (General Gold
International SA) during the years 1994-95. In addition, the topographical reference map of
the open pit was digitized utilising the ArcView 2.4® GIS program before being loaded and
processed with the DataMine program for the 3D representation of the topography of the
Guelb Moghrein mine area. The 3D modelling of the Guelb Moghrein ore body gives a clear
overview of the deposit’s architecture and gives valuable information for the interpretation
of the orebody’s geometry in relation to regional structural features.
1.4.3 Laboratory work
The laboratory work included petrography, bulk-rock geochemistry, mineral chemistry, and
stable and radiogenic isotope mineral analyses.
 Petrography analyses were undertaken on 98 thin and 57 polished sections under
transmitted and reflected light, respectively. These analyses enabled the identification of
the different mineral species, paragenetic textures and microstructures in the rocks.
Additionally, Qualitative X-Ray Diffraction (XRD) analyses were carried out on 30 sample
powders in order to identify trace and the very fine-grained minerals.
 A total of 62 representative samples were analyzed utilizing X-Ray Fluorescence (XRF)
for major elements and some trace elements. Part of them was also analyzed by Infra-
Red Optical Emissions Spectrometry (IROES) for carbon and sulfur analyses. These
analyses were undertaken at the RWTH Aachen University. 22 samples of the 62
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samples were sent to Activation Laboratories Ltd (ActLabs, Canada) for both trace and
rare earth analyses by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS),
Instrumental Neutron Activation Analysis (INAA) and Optical Emission Spectrometer
(ICP-OES). This comprehensive bulk-rock geochemical database was essential for the
classification of the rocks and the determination of the compositional changes and
elemental mobility within the rock types.
 A total of 27 polished thin and 57 polished sections were investigated utilizing the JEOL
JXA-8900R Electron Microprobe Analyser (EMPA) at the RWTH Aachen University. In
addition to backscatter imaging and semi-quantitative x-ray mapping, the mineral
composition from each mineral assemblage was in situ analyzed. Several minerals from
3 polished thin and 4 polished sections were in situ analyzed for rare earth and trace
elements by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
analyses performed at the Mineralogical Institute of the J. W. Goethe Frankfurt
University with the collaboration of Dr. Axel Gerdes and Dr. Yann Lahaye. These
analyses were important to identify chemical variations of the minerals across the
deposit and systematic chemical changes within individual mineral grains (chemical
zoning). The results were additionally used for thermobarometric calculations.
 14 mineral separates of 4 different minerals were analyzed for oxygen isotopy and one
mineral separate for carbon isotopy at the Institute of Mineralogy and Geochemistry, of
the Lausanne University in collaboration with Dr. Torsten Vennemann. Oxygen and
carbon isotope analyses on 10 mineral separates of 2 different minerals and hydrogen
isotope analyses on 6 separates of 2 minerals were carried out at the Institute of
Mineralogy and Petrology of the Rheinischen Friedrich Wilhelms University of Bonn in
collaboration with Dr. Radegund Hoffbauer. In situ sulfur isotope analyses were
performed at the of Max-Planck-Institute of Marine Microbiology in Bremen in
collaboration with Dr. Michael Böttcher using micro-drilling on 3 ore minerals in 3
polished sections. The results obtained provided information on mineral equilibrium
conditions, temperature of mineral deposition and implications on the fluid origin.
 In situ U-Pb dating on phosphates from the ore assemblage were performed at the
Mineralogical Institute of the J. W. Goethe University of Frankfurt with the collaboration
of Dr. Axel Gerdes, by Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS). About 40 analyses were made on a number of 20 mineral grains from 4
polished sections. This enabled the exact age determination of the ore deposit formation
as well as synchronous and later tectonic events.
A detailed description of the methods applied above can be found in the Appendix.
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1.5 The hydrothermal iron oxide-copper-gold (IOCG) class of deposits
1.5.1 Definition
The hydrothermal “iron oxide-copper-gold” (IOCG) class of deposits is a recently defined ore
type. By definition, the common link between the deposits of this class is the association of
iron oxides, present either as magnetite or hematite, with the copper-gold ore. They were
recognized as such by Hitzman et al. (1992) after the discovery of the giant iron oxide-
copper-gold-uranium Olympic Dam deposit in South Australia, in 1975 and the first
publications on the properties of the deposit (Roberts and Hudson 1983; Reeve et al. 1990).
Even if copper and gold are the main commodities IOCG deposits are mined for, the
deposits are typically polymetallic. In addition to the iron-copper-gold elemental association,
most of the IOCG deposits contain also high concentrations of cobalt, bismuth, silver,
uranium, molybdenum, barium, rare earth elements and fluorine, some of these in
economic amounts. Average iron concentration is usually between 15-35 wt.%, but also
over 40 wt.% concentrations in the iron oxide-rich host rocks are common (e.g. this work;
Hitzman et al. 1992; Requia and Fontboté 2000). The grades for copper and gold are
commonly relatively low (0.5-1.5 wt.% Cu and 0.2-1 g/t Au) similar to “porphyry copper-
gold type systems”, whereas high grade IOCG deposits (> 1.5 wt.% Cu and >1 g/t Au) are
usually small in size (Figure 1.2; Kirkham and Sinclair 1996; Galley et al. 2005).
Figure 1.3 Au-grade and tonnage characteristics of VHMS, porphyry Cu and IOCG deposits
from Kirkham and Sinclair (1996) and Galley et al. (2005).
Most of the economic IOCG deposits have reserves that range between 3.5 and 450 million
tonnes, with a median value of 40 million tonnes. The original iron oxide-copper-gold-
uranium Olympic Dam deposit in Australia is characterized as “giant” hosting approximately
3.8 billion tonnes of reserves having the fourth largest current copper and gold resources
with 42.7 Mt and 55.1 M ounces, respectively, and the world’s largest uranium resources of
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1.4 Mt (Western Mining Corp. 2004). Other world class IOCG deposits include the Ernest
Henry in Australia, the Salobo deposit in Brazil and the Candelaria deposit in Chile. The
IOCG deposits are being mined both by underground methods and by open pitting. The
process commonly used for the extraction of copper and gold, includes flotation, acid
leaching, copper smelting and electro-winning of ore concentrates.
1.5.2 Geotectonic framework
Many IOCG districts are largely associated with the margin of Archean cra tonnes (Groves
and Vielreicher 2001). Intracratonic to continental-arc extensional and transtensional
settings with narrow rift structures and regional-scale, brittle to ductile fault zones are most
commonly the host of IOCG deposits (Hitzman 2000; Sillitoe 2003). In addition, the IOCG
deposits can form over a wide range of crustal depths, from depths over 10 km to near-
surface environments (Haynes 2000; Kerrich et al. 2000).
According to Hitzman (2000), typical tectonic settings for the IOCG deposits are:
(1) intra-continental terranes with anorogenic magmatism. The volcano-plutonic character
of these settings appears to be related either to rifting, or hot spot activity or low-angle
subduction of the continental plate. The Gawler Range volcanic province in South Australia
which hosts the Olympic Dam deposit and the Kiruna district of Sweden are characteristic
intra-continental extensional settings with significant IOCG mineralization, (2) relatively
young, continental volcanic arc terranes with intermediate magmatism. These subaerial
volcanic areas are located along continental margins which are the site of subduction of
oceanic lithosphere and are characterized by extensional stress regimes. Classic IOCG
provinces in continental arc setting are the Chilean Iron Belt (e.g. Candelaria deposit) and
the Peruvian Coastal Belt, (3) intra-continental orogenic collapse. This setting consists of
continental rift characterized by thick sedimentary and mafic volcanic sequences.
Extensional to compressional tectonism and mantle-derived magmatism are the main
characteristics (cf. Hitzman 2000). Typical province is the fold-and-thrust belts of the
Cloncurry district in East Australia which includes the Ernest Henry, the Starra and Osborne
deposits (Figure 1.3).
Timing with respect to Earth evolution does not appear to be critical in the development of
IOCG deposits. Deposits are known to occur from Archean to the Mesozoic. However, as
summarized by Groves et al (2005), the temporal distribution of economic significant IOCG-
style of mineralization shows major peaks in the latest Archean (2.58 Ga; Salobo, Igarapé
Bahia), Paleoproterozoic (2.05-1.83 Ga; e.g. Palabora, Tennant Creek, NICO),
Mesoproterozoic (1.60-1.51 Ga; e.g. Olympic Dam, Ernest Henry, Osborne) and Mesozoic
(115-112 Ma; e.g. Candelaria, Punta del Combre, Manto Verde). IOCG deposits offset from
these periods are scarce and economically insignificant such as the Neoproterozoic
examples in Kehtri, India (ca. 850 Ma) and in the Lufilian Arc in Zambia (ca. 600 Ma).
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1.5.3 Lithological associations
1.5.3.1 Host rocks
The host rocks of IOCG deposits are variable and do not constitute a diagnostic feature.
They can be coeval or pre-existing sedimentary, mafic to felsic volcanic or plutonic rocks,
schists and gneisses that have served as lithological (e.g. due to competency contrast or
permeability) or chemical traps for fluids associated with batholiths or for reactive fluids
associated with short-lived magmatism such as carbonatite stocks (e.g. Mark et al. 2000;
Skirrow 2000; Weihed 2001). The sole unifying link is that they formed in regionally
oxidized settings across which fluids could efficiently flow and/or react. Examples include:
oxidized volcano-plutonic environments, pre-existing iron formations, ironstones or iron-rich
metasediments, and permeable units along major faults or unconformities.
1.5.3.2 Intrusive rocks
Evidence for intrusive magmatic association to the IOCG mineralization prevails in many
IOCG districts however a direct association of intrusive magmatism is not observed, at least
at the level of exposure, in several deposits. Many IOCG deposits are genetically associated
to A-type or I-type granitic magmatism. The term A-type is a geochemical classification
scheme for granites of high SiO2, Na2O+K2O, Fe/Mg ratio and rare earth and high field
strength element (Zr, Nb) contents (White and Chappell 1983). A-type granitoids have high
crystallization temperatures (e.g. 900-1000°C) sustained by the emplacement of mantle-
derived mafic magmas at depth (Creaser et al. 1991). This type of magma occurs usually in
anorogenic environments of Proterozoic age. For example, A-type granitic to monzodioritic
plutonic suite is coeval with Olympic Dam, and the Salobo deposit is coeval with A-type
granitic magmatism (Requia et al. 2003). I-type granitoids are similar geochemically with
the A-type but are least differentiated and typically occur in active continental arc settings.
Examples of IOCG mineralization related to I-type, magnetite-series diorite to alkali-feldspar
granite are the Ernest Henry, Starra and Lightning Creek deposits of the Cloncurry district
(Perring et al. 2000).
1.5.4 Structural controls and morphology of the IOCG mineralization
The iron oxide-copper-gold mineralization is epigenetic and displays a range of fault and
shear zone controls commonly associated with regions of structural complexity. Crustal-
scale to local fault zones control the fluid flow regime and position of the ore deposition in
many IOCG deposits. Favorable controls on IOCG ore deposition can be the intersection of
permeable units with fault zones, dilational jogs, splays on faults and shear zones, regional
folding, or complex intercalation of high and low permeable lithological units (e.g. Marschik
et al. 2000; Skirrow 2000; Davidson et al. 2002; Sillitoe 2003; Marshall 2003).
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The mineralization can be hosted in sub-vertical to subhorizontal, single or polyphase
breccia zones, veins, or stockwork. Such breccia and stockwork zones are formed by strain
partitioning between more competent (e.g. volcanic/intrusive rocks, ironstones) and less
competent lithologies during deformational tectonics. The host breccias are commonly
heterolithic and compose of distinct angular to sub-angular lithic and oxide clasts, or fine-
grained massive material (e.g. Candelaria). Other IOCG deposits including the Olympic Dam
are hosted in volcanic pipes, or diatremes are characterized by a predominance of
hydrothermal intrusive breccia and diatreme breccia with minor associated veining in
massive host rocks. The ore occurs within breccia fragments or overprinting pre-existing
breccia matrix, either as disseminations or massive. Stratabound or lense-like massive ore
(mantos) occur mainly in carbonaceous rocks or localized in layered Fe-rich metasediments
(e.g Punta del Cobre district).
1.5.5 Mineralogy and hydrothermal alteration pattern
The IOCG deposits are typically surrounded by hundreds of meters to kilometer-scale
hydrothermal alteration haloes and the immediate wall rocks are intensively altered.
According to Hitzman et al. (1992) the hydrothermal alteration pattern in the IOCG regimes
depends on the depth-level of deposition (Figure 1.4).
In deep-seated regimes a characteristic regional zonation towards the copper-gold
zones from a distal sodic-calcic (Na-Ca) to proximal iron-potassic (Fe-K) alteration halo is
observed. The Na-Ca alteration zone is of regional scale (commonly covering >100 km2)
and generally deeper and peripheral to Fe-K and ore zones (Figure 1.4). The Na-Ca
alteration zones range from strong albitization to calc-silicate and alkali-feldspar, and
various assemblages including albite, scapolite, magnetite and actinolite (Pollard 1998;
Hitzman 2000). This alteration zone is commonly accompanied by a loss of a number of
elements, especially in Fe, and K (Williams 1994; Oliver et al. 2004). The second Fe-K
alteration stage commonly overprints the Na-Ca alteration zone and is characterized by the
predominance of biotite and magnetite (Pollard et al. 1998; Hitzman 2000; Skirrow 2000).
This iron-rich stage can be accompanied by iron-carbonates (siderite, ankerite), iron-
silicates (Fe-chlorite, grunerite and hastingsite) and apatite (Downes 2003). The Fe-K
alteration stage is typically associated with the ore stage, and it forms in inferred upflow
zones which are generally a few km or less in maximum dimension. The dominant iron
oxide phase in the deep-seated regimes is low-Ti magnetite under conditions of relative
high temperatures and low activities of reduced sulfur. The main hypogene copper-bearing
phases are chalcopyrite and/or bornite with later, high sulfidation minerals such as covellite
and chalcocite.
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Temperature of ore formation in the deep-seated regimes ranges between 350 and 550 °C
(e.g. Baker et al. 2001; Requia and Fontboté 2000; Oliver et al. 2004). In shallower-level
deposits, were lower temperatures between 250-350°C and more oxidized conditions
prevail, hydrolitic alteration with sericite and/or K-feldspar characterizes the Fe-K alteration.
K-fedspar-hematite veins, or an alteration assemblage of hematite-sericite-chlorite-
carbonate are observed. In such regimes, chalcocite and bornite comprise mainly the
copper-bearing sulfides (Reynolds 2000; Skirrow et al. 2002).
Figure 1.4 Schematic cross section of alteration zoning in IOCG deposits after Hitzman et al.
(1992).
The ore mineral phases vary considerably among the deposits. The principal ones are
hematite (specularite, botryoidal hematite and martite), low-Ti magnetite, bornite,
chalcopyrite, chalcocite, pyrrhotite and pyrite. Subordinate ones include Ag-, Cu-, Ni-, Co-,
U-arsenides, autunite, bastnaesite, bismuthinite, brannerite, carrolite, cobaltite, coffinite,
covellite, digenite, loellingite, malachite, molybdenite, monazite, pitchblende, sulfosalts,
uraninite, xenotime, native bismuth, copper, silver and gold, Ag-, Bi-, Co-telluride, and
vermiculite. Gangue mineralogy consists principally of albite, K-feldspar, sericite, carbonate,
chlorite, and quartz. Amphibole, pyroxene, biotite and apatite with accessory allanite,
barite, epidote, fayallite, fluorite, ilvaite, garnet, monazite, perovskite, phlogopite, rutile,
scapolite, titanite, and tourmaline are also common. The amphibole includes Fe-, Na- or Al-
rich hornblende, actinolite, grunerite, hastingsite, and tschermakitic or alkali amphibole.
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1.5.6 Fluid Characteristics
Fluid inclusion studies from IOCG deposits have documented the existence of both
hypersaline (20-60 wt.% NaCl equiv.) aqueous and low to high salinity CO2-rich fluids
(5-20 wt.% CO2) associated with the hydrothermal alteration and mineralization (Pollard
2000). Multi-solid bearing fluid inclusions contain in addition to halite, sylvite, calcite,
magnetite, and opaque phases (Rotherham et al. 1998; Mustard et al. 2004; Perring et al.
2000). The hypersaline and CO2-rich character of the hydrothermal fluids have been
interpreted to have formed during unmixing of an original H2O-CO2-salt fluid (Adshead et al.
1998; Oliver et al. 2004).
1.5.7 Magmatic versus non-magmatic scenario
Pollard (2000) suggests that, the common occurrence of early sodic alteration (albitization)
overprinted by a later potassic alteration in many iron oxide copper-gold deposits is a
reflection of the evolution of originally derived H2O-CO2-salt fluids of magmatic origin.
According to this model, in the iron oxide copper-gold systems the CO2-bearing character of
the hydrothermal fluids promotes an evolution of the original magmatic H2O-CO2-salt fluid in
which the original fluid unmixes during decompression to form CO2 and H2O-salt fluids.
Following the removal of CO2 the remaining hypersaline fluid has higher Na/Na+K ratio than
the equilibrium value for the conditions and will cause the albitization (sodic alteration) of
the host rocks. Albitization due to unmixing will give way in lower temperatures to potassic
alteration due to increasing equilibrium Na/(Na+K) in the fluid phase in Cl-bearing fluids. In
shallow levels where cooling is rapid, the high Na/(Na+K) in the fluid may be counteracted
resulting in no albitization.
Release of the ore constituents, especially the constituents of the iron oxide-rich hosts
via albitization reactions caused by circulating high salinity fluids is emphasized in a number
of alternative models (e.g. Hitzman et al. 1992; Williams 1994; Pollard 2000; Barton and
Johnson 1996 and 2000; Oliver et al. 2004). The main contradicting issue between the
presented models is the ultimate source of the albitizing brines. Barton and Johnson (1996,
2000) proposed that the iron oxide copper-gold deposits derived ligands from evaporitic
rocks resulting in high salinities and Cl/S ratios. The circulation of the fluids is controlled by
thermal convection, and extensive albite alteration accompanied by metal depletion is
expected in the path zones of the fluid. Near magmatic heat sources the fluids focus into
structurally and/or lithologically favorable locations producing intense sodic (in mafic host
rocks) or potassic (in felsic host rocks) proximal alteration and the metals are precipitated.
Mixing of surface-derived fluids with hydrothermal fluids can be a significant factor in metal
precipitation at shallower levels (Figure 1.5). Barton and Johnson (1996, 2000) point out
that this kind of system tends to produce sulfide-poor deposits with enriched concentrations
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of chalcophile elements. The model of Barton and Johnson provides possible explanations
for the concentration of only the least soluble chalcophile elements (Cu, Co) along with
other elements that form oxides or oxysalts (Fe, REE, U), and for the extensive sodic
alteration. The model allows for the waters to be magmatic, basinal, and/or surficial,
whereas ore components may be sourced from magmas and/or by leaching of host rocks
during fluid circulation (Williams 1994). However this model fails to explain the almost
consistent magmatic stable isotope signatures in the majority of the deposits as well as the
absence of evaporite sequences in several of the IOCG districts (e.g. Olympic Dam region
and Tennant Creek).
Figure 1.5 The genetic model for the IOCG deposits, and possible link to magmatic derived
(porphyry Cu-Au) deposits, modified after Barton and Johnson (2000). Solid arrows display
the path of the externally derived brines, dashed arrows the path of the fluid derived from
magmatic source (see text for details). Mineral abbreviations are: ab=albite, act=actinolite,
al=alunite, ap=apatite, bi=bismuthite, bor=bornite, bt=biotite, carb=carbonate, chl=chlorite,
en=enargite, ep=epidote, hbl=hornblende, hm=hematite, Kfs=K-feldspar, mgt=magnetite,
mu=muscovite, olig=oligoclase, px=pyroxene, py=pyrite, qtz=quartz, sca=scapolite.
Oliver et al. (2004) based on the data and geochemical modeling on the IOCG deposits in
the Cloncurry region, proposed a genetic model where: (1) high saline fluids are released
from crystallizing intrusions, (2) the circulating fluids via albitization reactions gain the
constituents that are enriched in proximal alteration zones, especially in K and Fe, (3) the
circulation of the metal-enriched brine is aided and focused by faulting and/or shearing,
(4) metals are precipitated in structurally and/or lithologically favorable locations possibly
aided by mixing with external lower-salinity fluid. Barren iron-rich rocks are produced if the
albitizing fluids were initially poor in Cu or S or both.
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2 REGIONAL GEOLOGY
2.1 Geological overview of Mauritania
From the geological point of view, Mauritania presents a variety of outcropping terrains,
with rocks ranging in age from very ancient Precambrian to Tertiary and Quaternary. The
northern third of the country's surface geology is dominated by Archean to Lower
Proterozoic granitic and migmatitic terrains, greenstone belts, and volcano-sedimentary
rocks of the Reguibat Shield (Figure 1.1 and 2.1). Most of central and southern Mauritania is
covered by the Neoproterozoic to Carboniferous undeformed sediments of the Taoudéni
Basin that overly the crystalline cratonic rocks. The NNW-SSE striking Panafrican-Hercynian
Mauritanides orogenic belt marks the western margins of the cratonic domain. To the west,
the supracrustal units of the Mauritanides are concealed beneath Mesozoic to Cenozoic
sediments of the Senegal-Mauritanian coastal basin (Furon 1959; Sougy 1969; Roussel et
al. 1984; Dallmeyer and Lécorché 1989; Pique 2001; Villeneuve 2005).
2.1.1 Reguibat Shield
The Reguibat Shield which is about 1500 km long and 400 km broad extends from north
Mauritania into Western Sahara and Algeria. It is the northern exposure of the West African
Craton and is separated from its homologous Man Shield in Liberia and Sierra Leone by the
sedimentary cover of the Taoudéni Basin (Figure 2.1; Villeneuve 2005). The Reguibat Shield
consists of both Archean and Proterozoic formations and can be subdivided into a western
and eastern part in respect to lithological, tectonometamorphic and age variations.
In the western part or “Archean terrain”, the oldest rocks are found in the south-
western edge of the Shield and make up the Amsaga Basement (Figure 2.1). The Amsaga
basement is a gneissic and granulitic terrain comprising also migmatites, charnocitic
plutons, ferruginous quartzites, banded iron formations (BIF) and amphibolites (Potrel
1997; Martyn and Strickland 2004). U-Pb zircon ages of orthogneisses from the Amsaga
basement range from 3.51 to 3.42 Ga (Potrel et al. 1996 and 1998). Late-tectonic granite
and gabbro intrusions have ages close to 2.70 Ga. Resetting of the Rb-Sr system at ca. 2.50
and 2.30 Ga indicates that the Amsaga basement was thermally affected during the
Proterozoic evolution of the craton (Potrel et al. 1996 and 1998). The eastern part of the
shield or “Eburnian terrain” in the far north-eastern Mauritania records the earliest influence
of the Eburnian orogenic event in the Reguibat Shield at 2.25 Ga. It comprises mostly of
magmatic complexes of acid volcano-sedimentary and plutonic rocks that have ages of 2.10
and 1.85 Ga, respectively (Niec and Kahoui 2002).
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2.1.2 Taoudéni Basin
The Neoproterozoic to Carboniferous Taoudéni Basin forms the flat-lying, undeformed and
unmetamorphosed sedimentary cover of the West African Craton occupying more than half
Mauritania’s territory. In the Adrar region, in Mauritania, the lower (Neoproterozoic)
sequence of this sedimentary cover lies unconformably on the crystalline basement of the
Amsaga basement. This unconformity represents a hiatus ranging from 500 to 1000 Ma,
according to the ages proposed for the basement (Benan et al. 1998). Further to the south,
the Taoudéni Basin borders the Mauritanides belt for much of its length (Figure 2.1). The
sediments, mostly siliclastic with subordinate carbonates, have a total sediment thickness
that varies from 2 to 4 km (Bronner et al. 1980; Benan et al. 1998; Villeneuve 2005). The
lithofacies associations in the sediments range from fluvial to coastal and fluvial-, tide-, or
wave-dominated shallow marine deposits (Benan et al. 1998). In the eastern part of the
basin there is a cover of Mesozoic/Cenozoic sediments (Figure 1.1).
2.1.3 Mauritanides Belt
The Mauritanides belt which hosts the Guelb Moghrein iron oxide-copper-gold-cobalt deposit
lies between the latitudes about 22o30’ and 12o50’ and longitudes about 15o50’ and 13o30’
covering a distance of more than 2500 km across Mauritania into Western Sahara to the
north and Senegal to the south. It strikes NNW-SSE into Mauritania reaching a maximum of
120 km in width. The Mauritanides belt is a complex, generally east-verging fold-and-thrust
belt and is regarded as a pile of allochtonous terrains lying unconformably onto the West
African Craton (Sougy 1969; Roussel et al. 1984; Le Page 1988; Lécorché et al. 1989).
Between 20oN and 21oN the belt is bounded to the east by a thrust contact to the gneisses
and granulites of the Amsaga Basement that forms part of the Archean Reguibat Shield
(Figure 2.1). Further to the south the Mauritanides belt stretches along the western margin
of the Upper Proterozoic to Carboniferous sedimentary Taoudéni Basin separated by a sole-
thrust contact (Figure 2.1). The later thrust boundary is marked by a great escarpment,
often more than 300 m in height which extends for more than 600 km from the southern
edge of the Reguibat Shield to the border with Senegal (Martyn and Strickland 2004;
Villeneuve 2005). A series of overthrust basement sheets define the western margin of the
belt near Akjoujt, however a thin cover of Cretaceous to Quarternary marine sediments of
the Senegalo-Mauritanian Basin obscures the western boundary of the Mauritanides for
much of its length (Figure 2.1; Sougy 1969).
The Mauritanides belt has been structurally divided into three major units from east to
west, namely the external zone, the axial zone and the hinterland (Dallmeyer et al. 1987;
Lécorché et al. 1989). The external zone, is constituted by undifferentiated sedimentary
formations mainly sandstones, quartzites, conglomerates, siltstones and greywackes. The
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axial zone is characterized by a metamorphosed volcano-sedimentary complex and plutonic
rocks. The metavolcano-sedimentary rocks composed of mica-schists, siliceous carbonates,
serpentinites and amphibolites, rhyolites, acidic tuffs and conglomerates as well as andesitic
porphyries and pyroclastic breccias (Figure 2.1). The upper degree of metamorphism has
generally not exceeded the amphibolite facies throughout this zone. The plutonic rocks are
exposed in the south Mauritanides represented by the Guidimaka granodiorite and related
biotite-muscovite granites, and the Aftout granite. The hinterland is made up of slightly
metamorphosed sediments mainly, quartzites, muscovite schists, chlorite schists and
sandstones (Dia et al. 1979; Lécorché et al. 1989; Martyn and Strickland 2004).
Figure 2.1 Schematic geological map showing the Senegalo-Mauritanian basin and the
various units of the Mauritanides, which were thrusted to the east onto the West African
Craton. Akjoujt town and the Guelb Moghrein deposit are located in the northern part of the
central Mauritanides belt (after Kolb et al. 2006).
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The geodynamic evolution of the Mauritanides has been inferred from geochronologic work
carried out in the southern Mauritanides and Rokelides in Senegal (Dallmeyer and Lécorché
1989; Lécorché et al. 1989; Ponsard et al. 1988) as well as, in the Anti-Atlas of Western
Sahara and Morocco (Inglis et al. 2004; Thomas et al. 2004). Hornblende and muscovite
40Ar-39Ar ages record an early Pan-African (I) event occurred between 680 and 640 Ma
(Lécorché et al. 1991) with subsequent “post-orogenic uplift” between 595 and 570 Ma
(Dallmeyer and Lécorché 1989). The Pan-African I event in the Mauritanides can be
correlated to the collision event in the Anti-Atlas which occurred between 685 and 600 Ma
(Walters and Schofield 2004). A subsequent Pan-African II event has been estimated from
muscovite 40Ar-39Ar cooling ages at approximately 550-525 Ma (Ponsard et al. 1988). K-Ar
and Ar-Ar muscovite dating indicates final thrusting at about 315-305 Ma of the
Mauritanides with folding of Devonian Molasse sedimentary rocks of the Taoudéni Basin
(Lécorché and Clauer 1984; Dallmeyer and Lécorché 1989; Clauer et al. 1991; Martyn and
Strickland 2004).
2.2 Geological framework of Akjoujt area
The Akjoujt area which hosts the Guelb Moghrein deposit is situated on a major bend in the
central Mauritanides belt were it turns westwards from its general north-south alignment to
follow the southwestern edge of the Archean Reguibat Shield (Figure 2.1). In that area, the
complex, generally east-verging fold-and-thrust part of the Mauritanides belt features a
supracrustal suite of metamorphosed volcanic, volcanoclastic and epiclastic rocks that has
been overthrust northwards and eastwards onto the Amsaga Basement and the Taoudéni
Basin. The western boundary of the Akjoujt area is marked by a series of overthrust sheets
comprising basement schists and gneisses (Sougy 1969; Le Page 1988; Lécorché et al.
1989; Martyn and Strickland 2004; Villeneuve 2005).
2.2.1 Stratigraphy
The stratigraphy of the supracrustal rocks in the Akjoujt area consists of two sequences
separated by an angular unconformity. The lower sequence following the basement rocks is
the Eizzene group overlain unconformably by the Oumachoueima group (Figure 2.3; Martyn
1998; Martyn and Strickland 2004). The Eizzene group, exposed about 10 km to the NE of
Akjoujt, consists of two formations which have a consistent relationship to each other; a
sequence of monotonous basalts called Raoui Metabasalt unit followed by banded iron
formations (BIF) and pelitic and quartz-rich metasedimentary schists of the Khmeiyat
Formation. The sequence is intruded by small granodiorite plutons. The Atilis Quartzite,
which exposes into the escarpment close to the sole thrust north of Akjoujt, forms the
stratigraphic base of the Oumachoueima group. It comprises a massive, poorly stratified
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orthoquartzite which is followed by a suite of pelitic and psammitic rocks of the Irarchéne El
Hamra Formation. This is overlain by fine-grained intermediate to mafic volcanoclastics with
BIF units up to tens of meters thick, the Atomai Formation. A massive BIF at the top of the
Atomai Formation is followed by increasingly felsic lavas and volcanoclastics of andesite to
rhyodacite composition of the Sainte Barbe Volcanic unit. These are capped by a widespread
BIF/chert marker, the Lembeitih Formation. The uppermost statigraphic unit is the Akjoujt
Metabasalt unit, which underlies most of the ground in the Akjoujt area including the
townsite. The Akjoujt Metabasalt unit represents poorly layered, monotonous submarine
tholeiitic basalt flows with synvolcanic dolerite intrusions intercalated by banded iron
formations (Martyn 1998; Strickland and Martyn 2002; Martyn and Strickland 2004).
Figure 2.2 Proposed stratigraphy for the
supracrustals of the Akjoujt area. Adopted from
Martyn and Strickland (2004).
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2.2.2 Tectonometamorphic evolution
The allochthonous nature of the supracrustal rocks in the Akjoujt region, with respect to the
basement to the north and east, was first recognised by Giraudon and Sougy (1963). The
Akjoujt area is characterized by a complex set of folded and stacked thin-skinned thrust
sheets (Figure 2.3). The supracrustal rocks have been subjected to two major ductile
thrusting and fabric forming events followed by two folding episodes one of each was
accompanied by local crenulation cleavage formation and minor thrusting (Pouclet et al.
1987; Martyn and Strickland 2004). Five deformation events (D1-D5) are distinguished.
According to Martyn and Strickland (2002) D1 deformation occurs mainly in the Eizzene
group and formed moderate folds and a weak regional S1 foliation. During D2, thrusting to
the N-NE created a layer-parallel S2 foliation and recumbent folds. Generally, the peak
metamorphic grade increases from lower to upper greenschist or lower amphibolite facies
and rises stratigraphically upwards towards the west. This suggests that the various
lithological units were first metamorphosed and then inverted during subsequent eastward
thrusting (Martyn and Strickland, 2004; Kolb et al. 2006).
Figure 2.3 Schematic geological map of the Akjoujt area. A complex set of D2 and D3 thrust
faults outcrop to the west of the Akjoujt town site. The thrusts are folded with broadly E-W
trending fold axes during D4 and D5. The Occidental (Oc) and Oriental (Or) ore bodies are
located about 4 km to the west of the Akjoujt town center (after Kolb et al. 2006).
ENE directed thrusting is attributed to D3 and the formation of an S3 foliation during
retrograde greenschist facies conditions. Gentle to moderate folds with ENE-WSW trending
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fold axes deformed the thrust sheets during D4 and D5 and are correlated with thrusting
along the sole thrust during the Westphalian (Pouclet et al. 1987; Martyn and Strickland
2004; Kolb et al. 2006).
2.2.3 Carbonate-hosted iron oxide-copper-gold occurrences in Akjoujt area
BIF and carbonate-magnetite occurrences account for dominant lithological features in the
Akjoujt area. These are found in distinctive stratigraphic horizons of the Oumachoueima and
Eizzene group featuring a widespread presence in almost every sequence (Martyn 1998;
Martyn and Strickland 2004). The carbonate-magnetite rocks occur as stratiform, pod-
shaped or vein-like bodies of variable size that can reach up to several kilometers in strike
length. These are broadly aligned parallel to foliation and less obviously cross-cutting
(Martyn and Strickland 2004). Not all of the carbonate-magnetite occurrences are
mineralized, but all iron oxide-copper-gold mineralization in the area is hosted by coarse-
grained Fe-Mg-Ca carbonate bodies.
Within a radius of 30 km around the Akjoujt town, a numerous of IOCG prospects have
been described by Strickland and Martyn (2002) and Eden (2002 and 2003) including the
Guelb Moghrein deposit, which is situated at the outskirts of the town. At Tabrinkout, east
of Akjoujt, schistose mafic to felsic volcanics are the hosts to an extensive zone of complex
carbonate stockworks. The irregularly distributed lenses of coarse-grained ferromagnesian
carbonate are intercalated with narrow quartz veins and contain tungsten mineralization in
the form of scheelite. Secondary copper in the form of malachite, chalcocite and covellite
accompany the tungsten within the quartz veins. Gold and bismuth minerals are found at
the quartz-carbonate contacts. The oxide copper mineralization in the Sainte Barbe
prospect, north-east of Akjoujt, is associated with quartz-ankerite veining within a massive
ferruginous carbonate unit up to 25 m thick. The Kdeyat El Joul and El Joul West ore bodies,
south-east of Akjoujt, occur within massive pods of carbonate comprising magnetite,
hematite and copper sulphides. The El Khader supergene copper and hematite occurrence,
south-east of Akjoujt, is in the oxidized capping to the upper part of the carbonate vein
system. Minor gold has been recorded at the Breche prospect, a quartz-rich breccia
developed as a late, cross-cutting phase towards the northwest of El Khader (Strickland and
Martyn 2002; Eden 2002 and 2003).
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2.3 Geology of the Guelb Moghrein Mine
The Guelb Moghrein deposit outcrops in two abrupt hills (Guelbs), namely Occidental and
Oriental, rising from the low undulating desert terrain, 4 kilometers west of the Akjoujt
townsite (Strickland and Martyn 2002). The iron oxide-copper-gold-cobalt mineralization is
hosted by massive, coarse-grained metacarbonate that forms two lensoid bodies, the
Occidental and the Oriental, respectively (Strickland and Martyn 2002). The Oriental body is
massive, about 250 m long and at least 150 m thick, and less mineralized. Its surface is
covered by pisoidal goethite gossan that gives a dark grey to black coloration to the hill
(Figure 2.4). The Occidental body, which is the only, previously mined for copper and gold
and referred as “Guelb Moghrein deposit”, outcrops in the central-north part of the open pit
area and about 200 meters west of the Oriental body.
Figure 2.4 The Guelb Moghrein deposit Occidental body (left) and the unexploited Oriental
body covered by goethite gossan (right) as seen from south towards north. To the right and
front, a narrow exposure of a BIF unit is visible (March 2003).
2.3.1 Lithostratigraphy
The outcropping lithologies in the pit area of the Guelb Moghrein deposit are correlated to
the upper part of the stratigraphic sequence of the Oumachoueїma group (Martyn and 
Strickland 2004; Kolb et al. 2006). These are metasedimentary and metavolcanic rocks of
the Sainte Barbe Volcanic unit, metavolcanic rocks of the Akjoujt Metabasalt unit, and the
metacarbonate body (Occidental) that contain the iron oxide-copper-gold-cobalt
mineralization. About 500 meters south of the Guelb Moghrein pit the characteristic
BIF/chert marker of the Lembeith Formation exposes as narrow escarpments in the flat
terrain (Figure 2.4).
The lithological and structural pattern in the open pit area is shown in Figure 2.5. The
Sainte Barbe Volcanic unit comprises of quartz-sericite schists and biotite-garnet-quartz
schists forming the stratigraphic base of the sequence. In the south and southwest of the
open pit these rocks have been thrusted onto the Akjoujt Metabasalt unit along an ESE-
WNW trending shear. The Akjoujt Metabasalt unit underlies much of the central area
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represented by ESE-WNW striking biotite–actinolite schists alternating with distinctly more
massive, less deformed amphibolite lenses. At its level of exposure in the pit, the
metacarbonate body (Occidental) that hosts the copper-gold-cobalt mineralization features
a flat, pear-shaped, massive lensoid body, about 500 meters long and 150 meters wide,
with the long axis oriented parallel to the strike (ESE-WNW). The contact with the biotite-
actinolite schists of the Akjoujt Metabasalt unit is always sharp and parallel to the broadly
ESE-WNW trending foliation. In the eastern and western parts of the mining area, N-S
trending chlorite schists of the Akjoujt Metabasalt unit truncate abruptly all other ESE-WNW
striking lithologies.
2.3.2 Structure
Structurally, the Guelb Moghrein deposit is situated just north of the axis of a gentle east-
west synform which folds an assemblage of multiple thrust sheets in which the Akjoujt
Metabasalt unit, Lembeitih Formation and Sainte Barbe Volcanic unit, are repeated several
times (Figure 2.3; Martyn and Strickland 2004; Kolb et al. 2006). The structural pattern in
the pit area of the Guelb Moghrein deposit is characterized by a complex arrangement of
thrust faults and folds attributed to the regional deformational events (Martyn and
Strickland 2004; Kolb et al. 2006).
According to Kolb et al. (2006), the Guelb Moghrein mineralization is structurally
controlled by D2 shear zones that developed in the footwall of a regional thrust zone and
truncated the metacarbonate host rocks. The D2 shear zones are indicated by well-
developed S2 foliation in the various lithologies of the Akjoujt Metabasalt and Saint Barbe
Volcanic units (Figure 2.5). The S2 foliation dips moderately to the SSW/SW with a down-dip
L2 mineral stretching lineation. Subsequent eastward D3 thrusting and folding displaced the
mineralized body at various scales up to 170 m along strike and resulting in the separation
of the Occidental and Oriental bodies (Kolb et al. 2006). During this deformational event the
S2 foliation was folded into upright, open F3 folds with almost horizontal, N–S trending fold
axes. The S3 foliation of the D3 deformation is best developed in the chlorite schist and
overprints the S2 foliation (Figure 2.5). The S3 foliation dips moderately to the west showing
a down-dip L3 mineral stretching lineation. The asymmetric crenulation cleavages, S–C'
fabrics, and rotated porphyroclasts indicate reverse sense of movement during both D2 and
D3 thrusting events, respectively. D4 is distinguished by normal faulting with only minor
displacement (Figure 2.5). The latest record of deformation are D5 faults, that trend N-S
and have displacements in the order of several meters. The overprinting relationships of D3-
D5 events suggest hydrothermal IOCG mineralization to be contemporaneous with the
regional D2 thrusting (Kolb et al. 2006).
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2.3.3 Guelb Moghrein Fe oxide-Cu-Au-Co mineralization
The metacarbonate is mainly composed of siderite and contains the bulk of the Fe oxide-
Cu-Au-Co mineralization. The ore-rich zones are interpreted to occur as multiple, coalescing
lenses that are broadly elongated in the direction of discrete (D2) shear zones (Strickland
and Martyn 2002; Kolb et al. 2006). The characteristic geometry of the shear ones includes
central, ductile Fe-Mg clinoamphibole-chlorite schist surrounded by a progressively
developed breccia of fractured siderite (Kolb et al. 2006).
Alteration and ore minerals in the breccia matrix are magnetite, Fe–Mg clinoamphibole,
chalcopyrite, pyrrhotite, cubanite, arsenopyrite, cobaltite, pentlandite, graphite, and gold
(Ramdohr 1957; Ba Gatta 1982; Pouclet et al. 1987; Strickland and Martyn 2002; Kolb et
al. 2006). The exsolution textures of chalcopyrite, pentlandite, cubanite, and pyrrhotite
point to temperatures above 300–400°C for mineralization (Ramdohr 1957). Weathering
has produced an extensive oxidation zone characterized by goethite, siderite, hematite, with
lesser amounts of anthophyllite, and graphite. Copper minerals include malachite,
chalcopyrite, covellite, azurite, cuprite, native copper, and chrysocolla. Native gold is
commonly attached to goethite and hematite (Strickland and Martyn 2002). Peripheral to
the metacarbonate the hanging wall and footwall contacts are characterized by extensive
hydrothermal alteration. The biotite-actinolite schist displays a pronounced fine-grained,
lenticular-banded structure and increased phyllosilicate and carbonate contents. The
alteration mineralogy includes biotite, actinolite, grunerite, chlorite, calcite, albite, and
quartz (Strickland and Martyn 2002; Kolb et al. 2006).
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Figure 2.5 Lithological and structural map of the Guelb Moghrein deposit.
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3 PIT LITHOLOGIES
Throughout the pit area three main lithological units have been identified and sampled.
These include (1) quartz-sericite- and biotite-garnet-quartz schists of the Saint Barbe
Volcanic unit, (2) amphibolite, biotite-actinolite and chlorite schists of the Akjoujt
Metabasalt unit, and (3) the metacarbonate which hosts the Guelb Moghrein ore bodies. The
sample location is shown in Appendix in Figure 12.1. Here, a detailed description of the
petrology including macroscopic and microscopic investigations, mineral chemistry analyses
and bulk-rock geochemistry of all rock types is given. The description is based on least
altered and least mineralized rock samples from both open pit and drill core.
3.1 Petrology of the Saint Barbe Volcanic unit
3.1.1 Quartz-sericite schist
The quartz-sericite schist is a light gray with a greenish discoloration, fine-grained rock with
a closely spaced S2 foliation (Figure 3.1). It comprises mostly of quartz (60 wt.%), sericite
(30 wt.%), biotite (5 wt.%), chlorite (3 wt.%) and plagioclase (1 wt.%). Non ubiquitous
minerals are ilmenite and apatite. Quartz forms a well crystallized, very fine-grained (10-
30 m), equigranular matrix. Sericite is mainly muscovite and is always well aligned in thin
bands forming flakes between 50-200 m in length. Biotite and chlorite are contiguous with
muscovite in varying proportions forming blades of maximum length that do not exceed
100m. The rock is typified by the occurrence of coarse quartz, and more rarely plagioclase
porphyroclasts embedded in the matrix and wrapped up by the foliation (Figure 3.1).
Figure 3.1 (a) Photomicrograph (plane polarized light) of the quartz-sericite schist showing
the characteristic coarse quartz and feldspar porphyroclasts embedded in the fine quartz,
muscovite and biotite matrix, and (b) detail of the thin muscovite and biotite banding that
layers the fine quartz matrix (crossed nicols).
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The quartz and plagioclase porphyroclasts have a rectangular to rounded shape and vary in
size from 0.1 to 1.4 mm. Most of the quartz clasts enclose characteristically numerous,
micrometer-scale vitreous inclusions at the rims implicating a magmatic origin for this rock
type. Under polarized light the quartz porphyroclasts exhibit always wavy undulose
extinction. Deformation twinning is rare in the plagioclase and no optical zoning of the
plagioclase was observed. Energy dispersive spectrometer (EDS) analyses indicate that
plagioclase is albite in composition.
The fine-grained porphyric texture and the quartz-dominated mineralogy of the quartz-
sericite schist point out to an extrusive magmatic origin for the rock, i.e. acidic metatuff.
The monoclinic shape symmetry (-type) of the plagioclase and quartz porphyroclasts
together with the preferred orientation of sericite, biotite, and chlorite flakes define the
mylonitic foliation (S2) in the rock (Figure 3.1). The orientation of quartz ribbons, S2-C’
shear planes, and stair-stepping of the plagioclase wings indicates reverse shear movement
during shearing (D2).
3.1.2 Biotite-garnet-quartz schist
The biotite-garnet-quartz schist is a dark to yellowish brown, fine-grained and highly
schistose rock. Biotite and quartz are aligned in thin, alternating, parallel bands that define
the S2 foliation (Figure 3.2). The schist is typified by the abundance of disseminated garnet
porphyroblasts wrapped up by the closely spaced foliation. Biotite and quartz occur in
approximately equal modal proportions of approximately 35 wt.% respectively, and garnet
at 25 wt.%. Minor constituents (<5 wt.%) are chlorite, ilmenite, magnetite and traces of
plagioclase.
Figure 3.2 (a) Thin section photomicrograph (plane polarized light), and (b) backscattered
electron image of the quartz-sericite schist showing the alternating, micrometer-thin
biotite-quartz banding and the abundant equal-sized garnet porphyroblasts.
Almost all garnet grains form euhedral porphyroblasts of hexagonal shape (in cross section)
and have approximately equal size with diameter that does not exceed 50 m (Figure 3.2b).
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Line traverses with electron microprobe (EMP) spot analyses on larger garnet
porphyroblasts display simple, bell-shaped, prograde zoning profiles, with increased
almandine (50-62%) and decreased spessartine (20-7%) contents at the rims (Figure 3.3a;
Table 11.14). The grossular content varies in a small range between 21 and 26%. In
contrast, most of the smaller garnets have a nearly constant composition similar to the rim
composition of the zoned garnets. Biotite forms very fine-grained, brown flakes with length
that range between 10 and 30 m. It has a relative constant iron-rich composition that plots
in the field of annite with XFe varying slightly between 0.64-0.72 (Figure 3.3b; Table 11.11).
The quartz grains are very small (10 m) with straight line boundaries that make up an
equigranular mosaic. Chlorite occurs as very small (20 m) blades intergrown with biotite.
Ilmenite and magnetite have dust-like form and occur predominantly as inclusions in biotite.
Plagioclase is distinguishable although scarce; it is found in the quartz layers and has a
granular texture with grain size about 10 m. EDS analyses on individual grains showed
that plagioclase is predominantly albite.
Figure 3.3 (a) Ternary end member diagram (almandine-spessartine-grossular) showing
the compositional range of the garnet porphyroblasts from the biotite-garnet-quartz schist
(n=59; recalculation after Droop 1987), and (b) the biotite composition plots in the field of
annite (n=27; classification of Rieder et al. 1998).
The texture and mineralogy of the rock indicate a sedimentary origin of the rock i.e.
metapelite. The equidimensional form of the garnet porphyroblasts aligned parallel to the S2
foliation, and the occurrence of minute inclusions of biotite in the grains indicate syntectonic
formation of garnet during D2. Investigation of the geometry of the garnet porphyroblasts in
addition to other shear sense indicators, such as strain shadows and orientation of S2-C’
shear planes, indicates reverse shear movement (D2) similarly to that observed in the
quartz-sericite schist.
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3.2 Geochemistry of the Saint Barbe Volcanic unit
3.2.1 Quartz-sericite schist
The SiO2 content of the quartz-sericite schist is high (69.3-74.6 wt.%) reflecting the high
quartz proportion in the rock (n=6; Table 12.41). The Fe2O3 and MgO contents range from
4.4 to 9.1 wt.% and from 0.7 to 2.9 wt.%, respectively, whereas the Al2O3 and TiO2
amounts are almost uniform (avg. 11.7 wt.% and 0.8 wt.%, respectively). The relative high
K2O proportion (2.5-4.0 wt.%) corresponds to the abundance of muscovite and biotite in
the matrix. In contrast, the CaO and Na2O concentrations are very low (0.4-1.1 wt.% and
0.1-0.7 wt.%, respectively) due to the limited presence of Ca- and Na-rich silicates e.g.
plagioclase in the matrix. The transition metal concentrations are very low; Cr, Ni, Co, and
Sc amounts are consistently less than 25 ppm in total, and V ranges between 42-63 ppm.
The schist is characterized by moderate to high large ion lithophile elements (LILE)
concentrations (up to 440 ppm, excluding K); among them Rb and Ba average at 96 ppm
and 300 ppm, but Sr is generally lower than 60 ppm (Table 12.41). Relative high total
contents (up to 118 ppm) are also shown by the light rare earth elements (LREE). The high
field strength elements (HFSE) are comparatively lower ranging from 1 to 31 ppm, except
Zr concentration (up to 286 ppm). In terms of SiO2 content versus Ti and Zr in the
discrimination diagram after Winchester and Floyd (1976), most of the quartz-sericite schist
samples from the Saint Barbe Volcanic unit plot in the rhyodacite-dacite field with one
sample plotting in the rhyolite field (Figure 3.4).
Figure 3.4 Geochemical plot of logZr/TiO2 versus SiO2 wt.% (after Winchester and Floyd
1976) for the quartz-sericite schist. The discrimination diagram points to a dacitic-rhyolitic
origin for the quartz-sericite schist of the Saint Barbe Volcanic unit (n=6).
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When normalized to MORB (values after Pearce 1982 and 1983) the quartz-sericite schist
shows a high enrichment of the low ionic potential elements (K, Rb, Ba) and Th, and a
relatively lower in Ta, Nb, Ce, and Zr compared to the strong depletion in Sr (Figure 3.5a).
Rb is in positive correlation with K2O which reflects the biotite abundance. Analogously, the
REE enrichment is consistent with the presence of sericite and apatite and probably
indicates monazite or zircon presence in the rock. Sr depletion is correlated to the low alkali
(Na and Ca) contents and reflects the low amounts of plagioclase in the rock. The chondrite
(C1) normalized REE patterns (values after Sun and McDonough 1989) exhibit a relative
high enrichment in the LREE with La enrichment up to 137 times chondrite, and LaCN/YbCN
ratios ranging between 4.69 and 5.40. The LREECN generate a steep negative slope
(LaCN/SmCN=3.08-3.19) in contrast to the almost flat-lying HREECN patterns (GdCN/YbCN=
0.96-1.31; Figure 3.5b). The observed minor negative Eu anomaly is probably linked to the
plagioclase (Eu/Eu*= 0.66-0.99).
Figure 3.5 (a) MORB-normalized spider diagram (values after Pearce 1982 and 1983), and
(b) chondrite (C1) normalized REE plot (values after Sun and McDonough 1989) for the
quartz-sericite schist (n=2).
3.2.2 Biotite-garnet-quartz schist
The SiO2 and Al2O3 contents from two samples of the biotite-garnet-quartz schist vary
between 53.9 and 58.3 wt.% and from 11.3 to 13.3 wt.%, respectively (Table 12.41). TiO2
content is up to 2.3 wt.% due to the abundance of biotite, garnet and locally ilmenite. Fe2O3
shows relative high average concentration (15.7 wt.%) in contrast to MgO (3.7 wt.%)
reflecting the iron-rich character of the minerals. The K2O amount, most of which is
incorporated in the biotite, varies between 2.0 and 3.4 wt.%, whereas the CaO and Na2O
concentrations attributed to the presence of garnet and plagioclase, average at 1.3 wt.%
and 1.0 wt.% respectively. Among the transition elements, the concentration of Cr is below
26 ppm and V, Ni have average values of 432 and 24 ppm, respectively. Cu shows slightly
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elevated average content at 131 ppm. Rb shows relative high values (85-153 ppm) in good
correlation to the abundance of biotite, as well as Ba which averages at 567 ppm. Zr and Sr
range between 135-202 ppm and 42-98 ppm, respectively (Table 12.41).
3.3 Petrology of the Akjoujt Metabasalt unit
3.3.1 Amphibolite
The amphibolite is a dark green to nearly black, coarse-grained, massive rock showing only
weak traces of orientation fabrics. The main mineralogy (>95 wt.%) includes amphiboles
often overgrown with dust/spot-like ilmenite and magnetite, and plagioclase (Fig. 3.6).
Variation in the relative proportion of plagioclase and amphibole is expressed in amphibole-
rich (>60 wt.% amphibole) and plagioclase-rich samples probably reflecting fractionation
processes. The plagioclase laths are commonly saussuritized and chloritized being partially
replaced by fine calcite, sericite and chlorite. The quantity of accessory quartz, biotite,
titanite and allanite together do not exceed 5 percent of the modal composition of the rock.
K-feldspar is generally absent.
Figure 3.6 (a) Photomicrograph of massive amphibolite that shows the characteristic
coarse-grained amphibole-plagioclase assemblage with ophitic texture, and (b) back-
scattered electron image of a coarse plagioclase lath containing abundant sericite and
chlorite flakes. No type of zonation is observed in the laths.
The amphiboles form euhedral to anhedral, prismatic crystals, with length from 50 to
500m, with an array of pleochroism from light green to dark green through brown to
yellow. The amphiboles are iron-rich (avg. XFe=0.7) showing a limited compositional
variation that range from ferro-pargasite to ferroan pargasitic hornblende and ferro-
tschermakite to ferro-tschermakitic hornblende, depending on slight variations in their alkali
contents (Fig. 3.7; Table 12.12). Amphiboles with chemical composition that fall in the field
of magnesio-hornblende with actinolitic hornblende rims (avg. XFe=0.4) occur in two
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amphibolite samples contiguous to the pargasitic type of amphibole (Fig. 3.7b; Table
12.12). The fibrous actinolitic hornblende rims are interpreted as retrograde metamorphic
products derived from the primary amphiboles as seen by the compositional trend in Figure
3.7b. The plagioclase laths are commonly idiomorphic to hypidiomorphic, range in length
from 0.1 to 2 mm, and exhibit twin textures according to the albite law. Backscattered
electron (BSE) images and EMP spot analyses along traverses within individual grains
revealed no signs of chemical zonation from core to rim (Fig. 3.6b). Compositionally, the
plagioclases belong to the albite group with anorthite content consistently less than 7.5%
(Fig. 3.8; Table 12.9).
Figure 3.7 Discrimination diagrams (after Hawthorne 1981) for calcic amphiboles from the
amphibolite. (a) The most commonly observed types are ferro/an-pargasite (n=35),
(b) Mg-rich amphiboles range in composition from magnesio-hornblende to actinolitic
hornblende (n=21).
Figure 3.8 Classification diagram for the
plagioclases from the amphibolite. All
analyzed plagioclases are homogenous albite
in composition (n=46).
Texturally, the coarse plagioclase laths and the interstitial prismatic hornblende form a well
preserved ophitic fabric that implies a subvolcanic setting of the parental basaltic/andesitic
rock. A primary, submarine depositional setting is suggested by Martyn and Strickland
(2004) who observed relict, pillow textures in the Akjoujt Metabasalt unit.
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3.3.2 Biotite-actinolite schist
At first sight the biotite-actinolite schist is similar to that of the amphibolite although a
brownish discoloration and a poorly to well developed foliation (S2) makes the rock
distinctive. Amphibole and plagioclase make up about 70-85 modal percent of all samples.
The modal abundance of biotite in strongly foliated samples is greater (> 8 wt.%) of those
in the weakly foliated ones (< 3 wt.%). The rock contains also appreciable amounts of
chlorite (2-4 wt.%), quartz (5 wt.%), calcite (2 wt.%) and ilmenite/magnetite (1 wt.%),
and minor titanite, apatite, epidote and allanite.
The amphibole grains consist mainly of two components: A coarse (0.2-0.6 mm),
rounded core of green to dark brown amphibole -optically identical to that of the
amphibolite, rimmed by white to pale yellow, fibrous (50-200 m) clinoamphiboles (Figure
3.9). The clinoamphiboles mantle the core of green amphiboles and form pressure shadow
regions. Plagioclase occurs as coarse (0.1-0.7 mm) grains with characteristic boudinage
structures and bookshelf fabrics (Figure 3.9a). Fine-grained (20 m) plagioclase, calcite and
quartz are developed in pressure shadow regions around coarse plagioclase grains
implicating dynamic recrystallization of the plagioclase. Biotite and chlorite form very fine,
hypidiomorphic flakes (10-100 m) that are strongly pleochroic. These occur along the rims
and cleavage planes of amphiboles or along C’-type shear bands (Figure 3.9a).
Figure 3.9 (a) Photomicrograph (plane polarized light) of the biotite-actinolite schist
showing the mylonitic texture presented by oriented (boudinaged) albite and pargasitic
porphyroclasts wrapped around by the foliation, and (b) backscattered image of a ferro/an
pargasite core rimmed by grunerite, actinolite, biotite and chlorite.
All analyzed plagioclases (n=58) are albite in composition with very low anorthite content
(An<6.2 %; Table 12.10). The composition of the dark green amphiboles is identical to
those in the massive amphibolite; i.e. ferro- to ferroan pargasite (n=20; Table 12.13). In
addition, the analyses revealed two types of coexisting clinoamphiboles; i.e. actinolite and
grunerite with prevailing type actinolite (Figure 3.9b). Actinolite has relatively high Al2O3
contents (0.7-2.8 wt.%) with XFe ratio averaging at 0.4 (Table 12.22). In grunerite the Al2O3
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amounts are lower and vary between 0.3 and 1.9 wt.%, whereas the XFe ratio averages at
0.6 (n=6; Table 12.22). Both biotite and chlorite are iron-rich species; according to the
classification of (Hey 1954), chlorite is ripidolite in composition (avg. XFe=0.6; n=18; Table
12.19), whereas biotite plots in the fields of siderophyllite and annite field (avg. XFe=0.7) in
the classification diagram of Rieder et al. (1998; Figure 3.10; Table 12.16).
Figure 3.10 (a) Discrimination diagram (after Hawthorne 1981) for calcic amphiboles
showing the compositional range of the actinolite from the biotite-actinolite schist (n=13),
and (b) the biotite composition plots in the fields of siderophyllite and annite (n=49;
classification of Rieder et al. 1998).
The biotite-actinolite schist exhibits mylonitic foliation (S2) defined by the alignment of
plagioclase and amphibole porphyroclasts within biotite and chlorite matrix (Figure 3.9a).
Weakly foliated biotite-actinolite schist may contain ellipsoidal inclusions of amphibolite
composition that preserve the primary granoblastic and more rarely ophitic texture. In
highly sheared domains, plagioclase and amphibole clasts are characterized by monoclinic
shape symmetry (-type) and intense replacement textures. The symmetry of the strain
stepping of the mantled (strain shadows) porphyroclasts, and the orientation of the S2-C’
foliation planes suggest reverse sense of movement in the shear zone. Concluding, the
mineralogy and fabrics of the biotite-actinolite schist indicate that the massive amphibolite
of the Akjoujt Metabasalt unit has been widely deformed and subsequently retrograde
metamorphosed along the D2 shear zones.
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3.3.3 Chlorite schist
The chlorite schist is a pale green, fine-grained rock, having a thin parallel-banded and
foliated structure (Figure 3.11). The rock is essentially composed of alternating layers of
chlorite and quartz that make up more than 95 wt.% of the rock. The planar arrangement
of chlorite defines the closely-spaced foliation (S3). The chlorite schist is typified by the
abundance of disseminated grains of magnetite and ilmenite that occur mainly in the
chlorite matrix (Figure 3.11b). Traces of plagioclase occur as admixture in the quartz matrix
and have been defined by EDS analyses as albite. The relative proportion of chlorite and
quartz in the rock can vary widely; in some cases chlorite composes nearly 70 wt.% of the
rock, in others quartz dominates so that the rock approaches quartz schist. The chlorite
grains are up to 100 m long, always oriented, with a pale to yellowish green color and
anomalous dark grey interference colors. Quartz occurs in rounded or irregular grains,
usually less than 50 m in diameter that exhibit undulose extinction. Commonly, quartz
aggregates form elliptical lenses, ribbons or asymmetric boudins wrapped around by the
foliation (Figure 3.11).
Figure 3.11 (a) Field photograph showing the intense foliated structure of the chlorite
schist, and (b) photomicrograph (plane polarized light) of the chlorite schist showing the
thin alternating chlorite and quartz layers and the characteristic abundance of fine-grained
magnetite.
Mylonitic fabrics such as quartz-boudins, shear band cleavages, mantled quartz
porphyroclasts and oriented magnetite/ilmenite porphyroblasts together with the planar
arrangement of chlorite define mylonitic foliation (S3). The orientation of the mylonitic
fabrics describes the D3 shear zones and indicates reverse sense of movement during D3.
The occurrence of remnants from the biotite-actinolite schist as inclusions in the chlorite
schist (in samples from northwest part of the pit area) implies that D3 thrusting followed D2,
and subsequently deformed and retrograde metamorphosed the Akjoujt Metabasalt unit
under lower greenschist facies conditions.
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3.4 Geochemistry of the Akjoujt Metabasalt unit
3.4.1 Amphibolite
The SiO2 content of the suite of amphibolite samples is relative high varying between 54.0
and 63.5 wt.% (n=6; Table 12.42). The Al2O3 and TiO2 values range between 12.0 to
15.3 wt.% and from 1.1 to 1.3 wt.%, respectively. The Fe2O3 concentration shows a wide
difference in the samples (6.9-18.8 wt.%) due to variations in the modal proportion of the
iron-rich amphibole and magnetite/ilmenite in the rock. K2O contents are very low (0.2-
0.5 wt.%) reflecting the absence of primary K-feldspar or biotite. Na2O contents are relative
high (2.5-5.4 wt.%) correlated to the abundance of albite and the dominance of pargasitic
amphibole. CaO is low correlated to common metabasaltic rocks (1.7-7.1 wt.%). The
transition metal Ni, Co, Sc, and V amounts are consistent with averages of 10, 32, 33, and
384 ppm, respectively, and Cr below 11 ppm. Cu contents are usually below 100 ppm,
however one sample shows exceptionally high Cu amount (1073 ppm) related to distal
sulfide mineralization. The amphibolite is typified by very low concentrations of most of the
LILE; among them Sr, Rb, and Ba range between 21-39 ppm, 3-8 ppm, and 20-28 ppm,
respectively. The abundances of Zr, Nb, Th, Y, and Ta (HFSE) are relatively consistent with
averages of 153 ppm, 9 ppm, 8 ppm, 30 ppm, and 0.7 ppm, respectively (Table 12.42).
According to the discrimination diagram based on the Nb/Y and Zr/TiO2 ratios of volcanic
rocks (after Winchester and Floyd 1976) the amphibolite of the Akjoujt Metabasalt unit can
be classified as primary andesite/basalt (Figure 3.12).
Figure 3.12 The Nb/Y versus Zr/TiO2 discrimination diagram (after Winchester and Floyd
1976) points to an andesite/basalt protolith of the amphibolite.
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The most distinctive feature in selected MORB-normalized multi-element diagrams is the
remarkable positive anomaly observed mainly in Th and Ce, which show enrichment as
much as 40-50 times and 4-11 MORB, respectively (Figure 3.13a). In contrast, Sr shows a
distinctive depletion 7 to 9 times relative to MORB. The chondrite (C1) normalized rare earth
element (REE) values generate an almost flat-lying or gently inclined pattern for the HREE
(GdCN/YbCN=0.87-2.2) and a steeper slope for the LREE (LaCN/SmCN=2.16-3.27) exhibiting a
light rare earth element enrichment (Figure 3.13b). Five amphibolite samples of the deposit
area have LaCN contents and (LaCN/YbCN) ratios of 56.3-160.3 and 3.3-7.9, respectively. No
significant Eu anomalies (Eu/Eu*=0.87-0.97) are observed in the samples.
3.4.2 Biotite-actinolite schist
The major element geochemistry of the biotite-actinolite schist is similar to that of its
parental rock (amphibolite). The SiO2 contents show a limited variation between 53.8–
58.7 wt.% (n=6; Table 12.42). The Al2O3 and Fe2O3 amounts range from 12.6-15.3 wt.%
and 14.6-17.2 wt.%, respectively, whereas TiO2 concentration is relative uniform averaging
at 1.4 wt.%. The schist shows relatively higher contents of K2O in respect to the amphibolite
(K2O= 0.3-1.6 wt.%) due to the biotite development. The Na2O and CaO values are
comparable to that of the amphibolite (2.5-5.4 wt.% and 1.2-5.6 wt.%, respectively)
reflecting the abundance of albite and amphiboles, of both pargasitic and actinolitic
composition. From the transition metals, V averages at 460 ppm, whereas the total amount
of Ni, Co, Sc and Cr does not exceed 150 ppm in total. The Cu contents in the biotite-
actinolite schist vary widely from 4 ppm to 542 ppm related to the variability in distal sulfide
mineralization intensity. The LILE Sr and Rb contents average at 72 ppm and 43 ppm,
respectively, whereas Ba amounts vary widely between 31 and 297 ppm. The averages of
Zr, Nb, Th, Y, and Ta (HFSE) are 151 ppm, 9 ppm, 7 ppm, 29 ppm, and 0.7 ppm,
respectively, being almost identical to these in amphibolite (Table 12.42).
Similarly to the amphibolite, the most distinctive feature in selected MORB-normalized
multi-element diagrams is the high Th and Ce enrichment up to 35 and 5.5 times MORB,
respectively (Figure 3.13c). In addition, Rb shows also a high enrichment up to 42 times
MORB. The latter is in good correlation to the K2O and Cu enrichment and gives indication of
an evolved hydrothermal signature. In contrast, Sr is remarkably depleted 2 to 5 times
relative to MORB. The chondrite (C1) normalized rare earth element values are almost
identical to that of the amphibolites (Figure 3.13d). The LaCN contents and (LaCN/YbCN) ratios
vary between 68.7-124.8 and 5.6-7.5, respectively. Most of the samples display no
significant Eu anomalies with small declinations from 1 that are linked to the abundance of
plagioclase (Eu/Eu*=0.67-1.02).
PIT LITHOLOGIES
38
3.4.3 Chlorite schist
The SiO2 content of the chlorite schist varies widely between the samples (40.8-65.6 wt.%)
reflecting the high variability in the relative proportion of chlorite and quartz in the rock,
however most analyses cumulate between 50.2 and 56.0 wt.% SiO2 (n=12; Table 12.42).
The Al2O3 and TiO2 show relatively invariable concentrations (11.8-14.2 wt.% and 1.0-1.5
wt.%, respectively) whereas Fe2O3 contents range between 10.1 and 17.6 wt.%. The total
amount of Na2O+K2O+CaO in all samples is consistently below 1 wt.% due to the absence
of alkali-bearing minerals such as sericite or plagioclase in the rock. Among the transition
elements, V averages at 480 ppm, whereas the total amount of Ni, Co, and Cr is below
100 ppm. Only three samples exhibit Cu contents over the detection limits up to 170 ppm.
The LILE are considerably low (<105 ppm) with Ba average content at 98 ppm. Zr shows
the relative highest proportion among the HFSE varying between 73 and 142 ppm. The total
amounts of the rare earth elements are generally very low; both a quartz-rich and a
chlorite-rich sample show identical, total REE amounts at 17 ppm (Table 12.42).
As in all other metavolcanic rocks in the pit, the MORB-normalized multi-element
diagrams exhibit distinctive Th enrichment up to 35 times MORB, and Sr depletion up to 11
times MORB (Figure 3.13e). The chondrite (C1) normalized REE diagrams display
enrichment in the HREE, which is higher in chlorite-rich sample (LaCN/YbCN=0.67) compared
to quartz-rich sample (LaCN/YbCN=1.2; Figure 3.13f). This is mainly due to the greater
capability of chlorite to host HREE in contrast to quartz. Additionally, the quartz-rich chlorite
schist exhibits small negative Eu anomaly (Eu/Eu*=0.73).
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Figure 3.13 MORB-normalized spider diagrams (values after Pearce 1982 and 1983) and
chondrite (C1) normalized REE plots (values after Sun and McDonough 1989) for the (a,b)
amphibolite, (c,d) biotite-actinolite schist, and (e,f) chlorite schist.
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3.5 Petrology of the metacarbonate
The metacarbonate is the host rock to the epigenetic iron oxide-copper-gold-cobalt
mineralization. Least altered and least mineralized samples compose of very coarse-
grained, dark gray siderite (Sd1) that forms compact mass (Figure 3.14). The siderite (Sd1)
crystals are coarsely crystalline, commonly euhedral, and with size that generally varies
from 0.5 to 8 cm and averages in most occurrences 1-3 cm. In macro- and microscopic
scale, the siderite crystals exhibit the typical perfect (1011) cleavage. Impurities in single
siderite crystals include disseminated, minute inclusions of magnetite. The magnetite
inclusions are very small (5-20 m) and the grains are commonly idiomorphic. In addition,
fibrous Fe-Mg clinoamphiboles, magnetite, sulfides and graphite that belong to distal,
hydrothermal alteration replace locally siderite along cleavage cracks or grain boundaries
(Figure 3.14).
Figure 3.14 Least altered drill core sample of massive metacarbonate showing the coarse-
grained siderite crystals that contain small idiomorphic magnetite crystals. Minor grunerite
that belongs to distal alteration is developed along cleavage cracks and grain boundaries of
siderite.
Backscattered imaging and electron microprobe (EMP) spot analyses along traverses within
single grains show that siderite (Sd1) is compositionally homogeneous. The FeO contents
range between 31.6 and 36.3 wt.%, with XMg showing a limited variation from 33.0 to 40.2
(Table 12.28). The total Ca and Mn proportion is very low and does not exceed 3 wt.%.
According to the nomenclature of Deer et al. (1962) for the carbonates, the chemical
composition of the siderite from the Guelb Moghrein deposit plots in the field of pistomesite
of the siderite-magnesite series (Figure 3.15). In terms of Ca-contents the siderite lies
below the 400 oC siderite-dolomite isotherm of Anovitz and Eizenne (1987; Figure 3.15). In
the magnetite inclusions no chemical zonation is observed, and trace elements commonly
incorporated in magnetite (e.g. Ti and V) are generally below the detection limit of the
electron microprobe (n=20; Table 12.30).
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Figure 3.15 The composition of least altered siderite grains (Sd1) from the metacarbonate
plots in the field of pistomesite in the ternary FeCO3-MgCO3-CaCO3 diagram, under the
400 oC isotherm of Anovitz and Eizenne (1987). The shaded area represents the siderite-
magnesite compositional field (n=34).
Trace element analyses by LA-ICPMS on individual siderite (Sd1) grains revealed very low
Rb, Sr and Ba concentrations (averages of 0.9, 1.7 and 6.8 ppm, respectively; Table
12.47). The total amount of the LREE range between 0.6 and 1.0 ppm, whereas the heavy
rare earth element (HREE) total content is comparatively higher varying from 1.0 to 1.3
ppm. The chondrite (C1) normalized REE pattern of siderite (Sd1) is relatively flat for the
LREE (LaN/SmN=0.9-1.4) and shows a successive enrichment in the HREE (GdN/YbN=0.3-
0.5) (Figure 3.16). The REE patterns display inconsistent, small Eu anomalies (Eu/Eu*=1.0-
1.6), and more distinct, negative Ce anomalies (Ce/Ce*=0.7-0.9).
Figure 3.16 Chondrite (C1) normalized REE
plot (values after Sun and McDonough
1989) for the least altered siderite (Sd1)
from the metacarbonate (n=4).
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3.6 Geochemistry of the metacarbonate
The bulk-rock geochemistry of the least altered and least mineralized metacarbonate
reflects mainly the mineralogical chemistry of siderite, in addition to the abundance of
magnetite in the rock as well as the minor quantity of ore and gangue minerals (i.e.
Fe-Mg clinoamphiboles, calcite/ankerite and sulfides). Iron and magnesium are the main
components of the rock with Fe2O3 and MgO ranging between 35.4-59.9 wt.% and 12.8-
18.0 wt.%, respectively (n=7; Table 12.45). MnO is uniform at an average of 1.2 wt.%.
CaO is generally below 1 wt.% except two samples that show elevated contents up to
9.7 wt.%. The SiO2 content in the metacarbonate does not exceed 3.7 wt.% most of which
is incorporated in the secondary Fe-Mg clinoamphibole of distal alteration. TiO2 is generally
absent and Al2O3 and alkali (Na2O+K2O) amounts are consistently very low (both average at
0.6 wt.%). Low concentrations are shown by Sr, Rb, and Ba (<48 ppm, <35 ppm and <129
ppm, respectively), whereas La exhibits moderate values (149-195 ppm). Among the
transition elements, V and Ni show a wide spread in concentration (36-335 ppm and 21-
177 ppm, respectively) whereas Co and Cr are correlatively more constant averaging at
65 ppm and 115 ppm, respectively. In addition, Cu amounts vary widely from low
(204 ppm) up to values >1500 ppm (upper detection limit of XRF) reflecting the presence of
local sulfide (chalcopyrite) mineralization in the rock (Table 12.45).
3.7 Tectonic setting of regional lithologies
Discriminant diagrams are successfully used to identify the tectonic environments of ancient
and modern mafic igneous rocks (cf. Winchester and Floyd 1977; Wood 1980; Pearce 1982
and 1983; Pearce and Peate 1995; Gorton and Schandl 2000). These diagrams are based
on the systematic chemical differences in the source characteristics of basic as well felsic
magmas erupted in different tectonic settings. The discrimination diagrams can be applied
to volcanic rocks from ancient environments even though the primary geochemistry has
been modified by metamorphism and hydrothermal alteration (Gorton and Schandl 2000).
Thus the concentrations and ratios of selected elements can be used to distinguish among
these tectonic settings for the volcanic rocks of the Akjoujt Metabasalt and Saint Barbe
Volcanic units. Constraints on the depositional environment of the metacarbonate can be
obtained by the major and trace element signature of siderite (Mozley 1989; Bau and Möller
1992).
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3.7.1 Akjoujt Metabasalt unit
High field-strength elements (HFSE) such as Th and Ta are commonly used to identify
tectonic environments of basaltic rocks. Basalts from subduction zones are found to be
preferentially enriched in Th with respect to Ta, whereas within-plate basalts (WPB) and
basalts from mid-oceanic ridges (MORB) are found to show no such enrichment (Pearce and
Peate 1995). Because the solubility of Th in subduction-zone fluids is extremely low, the
element is considered to be derived from the sediment component of the downgoing slab
(Bailey and Ragnasdottir 1994). This inference explains the well-documented increase of Th
with respect to Ta in arc magmas (Hawkesworth et al. 1997). Although the exact
mechanism responsible for the enrichment of Th with respect to Ta in arc magmas is
controversial (i.e. a higher partition coefficient for Th, or the retention of Ta-rich accessory
phases in the slab), arc generated magmas have a higher Th:Ta ratio than magmas
generated in within-plate volcanic zones (Gorton and Schandl 2000). On the revised Th/Yb-
Ta/Yb discrimination diagram for intermediate and felsic volcanic rocks of Gorton and
Schandl 2000, the progressive enrichment in Th in the three sequential tectonic zones is
attributed to the increasing contribution of an arc component, and the ca. 45° slope of the
lines dividing the tectonic zones is attributed to the differences in degree of incompatibility
among Ta, Th and Yb in felsic and intermediate volcanic rocks (Figure 3.17). As shown in
section 3.4.1 and 3.4.2, the amphibolite and the biotite-actinolite schist of the Akjoujt
Metabasalt unit have intermediate SiO2 values (63>SiO2≥54 wt.%) and when normalized to
MORB are characterized by selective enrichment of Th, Ce, and Ta in decreasing order of
degree (avg. 8 ppm, 30 ppm, and 0.7 ppm, respectively; Table 12.42). The selective
enrichment of these elements in the amphibolite and the biotite-actinolite is attributed to
the contribution of arc component to the original basaltic-andesitic magma, indicating an
active continental margin setting (Figure 3.17). Analogously, according to the discrimination
diagram of Wood (1980), based on the incompatible Hf, Nb and Th element abundances,
ranks the original magma as volcanic arc basalt (Figure 3.18).
3.7.2 Saint Barbe Volcanic unit
The quartz-sericite schist of the Saint Barbe Volcanic unit is highly acidic (avg. 70 wt.%
SiO2) and compositionally plots in the field of rhyodacite/dacite-rhyolite (Section 3.2.1).
Similarly to the rocks of the Akjoujt Metabasalt unit, the composition of the quartz-sericite
schist is characterized by the selective HFS and LREE enrichment i.e. Th, Ce and Ta (avg.
16 ppm, 48 ppm, and 1.5 ppm, respectively; Table 12.42). Similar to the metavolcanics of
the Akjoujt Metabasalt unit, when plotted in the Th/Yb-Ta/Yb discrimination diagram (after
Gorton and Schandl 2000) the dacitic-rhyolitic rocks of the Saint Barbe Volcanic unit show
an active continental margin signature (Figure 3.17).
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3.7.3 Metacarbonate
The metacarbonate body, which hosts the Fe oxide-Cu-Au-Co mineralization of the Guelb
Moghrein deposit, has been recently interpreted to represent marine sediment (Kolb et al.
2006) in accordance with earlier works on Guelb Moghrein (Ba Gatta 1982; Pouclet et al.
1987). It has been linked genetically to the banded iron formations that contain siderite in
that area, deposited as ironstone on a continental shelf setting (Martyn and Strickland
2004; Kolb et al. 2006). The postulation of a sedimentary origin of the metacarbonate is
based mainly on its stratiform morphology, its stratigraphic framework (close association
with pelitic sediments, BIF and marine volcanics), and the absence of any metasomatic
textures that could imply an origin from metasomatic replacement of a carbonate precursor
(Ba Gatta 1982; Pouclet et al. 1987; Martyn and Strickland 2004; Kolb et al. 2006).
Based solely on the major element composition, Mozley (1989) demonstrated that early
diagenetic siderites from marine and nonmarine environments are characterized by
distinctive elemental compositions. Nonmarine siderites are commonly relative pure (i.e.
greater than 90 mol% FeCO3) whereas siderites from marine environments are always
extremely impure, with extensive substitution of Mg for Fe in the siderite lattice (Mozley
1989). Coarse siderite crystals from the least altered metacarbonate of the Guelb Moghrein
deposit show a relative homogeneous composition with high Mg-contents (XMg =31.6-38.5)
and very low Ca- and Mn-contents. According to the classification of Mozley (1989), the
relative Mg-rich composition of the siderite implies that this has been initially deposited in
marine environment.
Chondrite (C1) normalized REE distribution patterns of the siderite, display a weak to
moderate REE fractionation, distinct negative Ce anomalies (Ce/Ce*=0.7-0.9) and no
significant Eu anomalies. Despite the low concentration of REE in siderite, the REE signature
is compatible with formation of siderite from marine solutions. In particular the REE
patterns of the siderite can be explained by interaction of marine or pore water in coastal
sediments. Such processes would produce weakly fractionated REE patterns with no positive
Eu anomaly, but with negative Ce anomaly (Hu et al. 1988; Möller 1989; Bau 1991; Bau
and Möller 1992). The lack of distinct positive Eu anomalies in the REE signature of the
siderite of the Guelb Moghrein deposit, gives evidence that there was no contribution from
high-temperature solutions to the REE budget of the water column from which the
carbonates precipitated (Möller 1989; Bau 1991). The presence of negative Ce anomaly is
characteristic of marine sedimentary carbonates (Hu et al. 1988). According to Möller
(1989) and Bau and Möller (1992), two processes of carbonate formation can produce
negative Ce anomaly: deposition from seawater and from hydrothermal fluids equilibrated
with oxidized sediments. Obviously the second case is rejected because of the required
reducing conditions needed for the transport of Fe+2.
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Figure 3.17 Th/Yb-Ta/Yb discrimination diagram for the volcanic rocks of the Akjoujt
Metabasalt unit and the Saint Barbe Volcanic unit, respectively (after Gorton and Schandl
2000).
Figure 3.18 Hf/3-Nb/16-Th discrimination diagram for the volcanic rocks of the Akjoujt
Metabasalt unit (after Wood 1980).
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3.8 Metamorphism
Three metamorphic mineral assemblages are distinguished in the metavolcanic rocks of the
Akjoujt Metabasalt unit. They are characterized by a peak metamorphic ferro/an pargasite-
albite paragenesis (amphibolite), which is replaced by an biotite-actinolite-quartz
paragenesis (biotite-actinolite schist) and subsequently by a chlorite-quartz paragenesis
(chlorite schist). This suggests a retrograde evolution from peak metamorphic amphibolite
facies to lower greenschist facies conditions. The fact that actinolite is aligned parallel to the
S2 foliation and chlorite is parallel to the S3 foliation indicates that the D2 reverse shearing
was associated with retrogression in the upper greenschist facies and that the D3 reverse
shearing occurred during lower greenschist facies conditions. In contrast, the mineral
assemblages in the quartz-sericite schist and the biotite-garnet-quartz schist of the Saint
Barbe Volcanic unit are typical of the upper greenschist facies. The well-preserved quartz
porphyroclasts with vitreous inclusions in the quartz-sericite schist again indicate that peak
metamorphism did not exceed upper greenschist facies conditions to any extend. A
retrograde chlorite-quartz assemblage is also developed in these lithologies parallel to the
S3 foliation, which points to lower greenschist facies conditions during the D3 deformation
event.
In order to constrain the metamorphic conditions, two different geothermometers were
applied to mineral assemblages of the wall rocks. The hornblende-plagioclase
geothermometer of Holland and Blundy (1994) was applied to the peak metamorphic
assemblage in the amphibolite. For the temperature calculation of the retrograde upper-
greenschist facies metamorphism (D2), was used the garnet-biotite geothermometer for the
biotite-garnet-quartz schist of the Saint Barbe Volcanic unit. Four different calibrations were
used, which take into account the Fe-Mg-Ca-Mn and Al-Ti solid solutions in garnet (Hodges
and Spear 1982; Pertchuk and Lavrenteva 1983; Dasgupta et al. 1991; Bhattacharya et al.
1992).
3.8.1 P-T conditions of peak metamorphism
The amphiboles in the amphibolite have a limited compositional variation, ranging from
from ferro-pargasite to ferroan pargasitic hornblende and ferro-tschermakite to ferro-
tschermakitic hornblende, depending on slight variations in their alkali contents (Section
3.3.1). In amphibolites with higher Mg-number, amphiboles range in composition from
magnesio-hornblende in the core to actinolitic hornblende at the rim. The actinolitic
hornblende rims are interpreted to have formed during retrograde metamorphism in the
upper greenschist facies (D2). Plagioclase is in textural equilibrium with the hornblende
having anorthite contents between 0.7 and 7.2 (Section 3.3.1). Amphibole and plagioclase
compositions used for the temperature calculation are listed in Table 11.9 and 11.6,
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respectively. The calculation uses the empirical edenite-tremolite method after Holland and
Blundy (1994), based on the reaction:
edenite + 4 quartz = tremolite + albite
The calculated temperatures for the amphibole-plagioclase pairs for a pressure of 5 kbar are
listed in Table 3.1. Minimum peak metamorphic temperature was calculated at 580 ±40°C.
Thin Section No. 26037 26037 26037 26037 26037 26037 26042 26042 26042 26047 26047 26047
Calculated
temperature [°C]
528 539 577 555 594 540 618 594 587 614 612 642
Table 3.1 Calculated temperatures for the amphibole-plagioclase pairs for a pressure of
5 kbar, by the method of Holland and Blundy (1994).
3.8.2 P-T conditions of retrograde metamorphism during D2
Representative garnet and biotite analyses from the biotite-garnet-quartz schist were
chosen for the application of garnet-biotite thermometry (Table 11.14 and 11.13). Line
traverses of larger garnet in the biotite-garnet-quartz schist display simple, bell-shaped,
prograde zoning profiles, with increased almandine (50-62%) and decreased spessartine
(20-7%) contents at the rims (Section 3.3.1). The grossular content varies in a small range
between 21 and 26%. In contrast, most of the smaller garnets have a nearly constant
composition similar to the rim composition of the zoned garnets. Biotite is of a uniform
composition with the Fe/Fe+Mg ratio varying between 0.64-0.72 (Section 3.3.1).
Table 3.2 Calculated temperatures for the
garnet-biotite pairs after four selected
calibrations: 1Bhattacharya et al. (1992);
2Dasgupta et al. (1991); 3Hodges and Spear
(1982); 4Pertchuk and Lavrenteva (1983).
Calculated temperature [°C]
Grt-Bt pair B92-HW1 Dasg912 HS823 PL834
1 375 378 396 410
2 389 371 417 427
3 426 459 477 461
4 395 370 426 430
5 389 373 411 419
6 394 339 408 421
7 422 391 446 438
8 434 410 471 458
9 406 361 419 424
10 403 365 409 416
11 379 369 414 420
12 382 370 419 417
13 374 379 424 426
mean 397 380 426 428
1 20 29 24 15
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The average calculated temperature from all four calibrations is 410 ±30°C at 3 kbar. The
calculated temperature of 410 ±30°C is consistent with the retrograde, upper greenschist
facies paragenesis of the biotite-actinolite in the Akjoujt Metabasalt unit. This, together with
the prograde garnet zoning in the garnet-biotite-quartz schist, suggests that D2 thrusting of
the Sainte Barbe Volcanic unit onto the Akjoujt Metabasalt unit occurred during upper
greenschist facies conditions, where the Sainte Barbe volcanic unit is on the prograde path
whereas the Akjoujt Metabasalt unit is already retrograde.
3.9 Summary
The lithologies of the Guelb Moghrein deposit comprise various metavolcanic and
metasedimentary rocks of the Saint Barbe volcanic unit, which are overlain by the Akjoujt
Metabasalts unit (Martyn and Strickland 2004; Kolb et al. 2006). The biotite-garnet-quartz
schist is a metapelite belonging to the Saint Barbe Volcanic unit. The quartz-sericite schist
represents a metavolcanoclastic rock of rhyodacite to rhyolite composition. The amphibolite
and biotite-actinolite schist together with the chlorite schist belong to the suite of
metavolcanic rocks of the Akjoujt Metabasalt unit and are of andesitic to basaltic
composition.
The metavolcanic rocks have a Na-rich character and very low contents in Sr, Ba and
Ca. Trace and rare earth element (REE) analyses show that most of the metavolcanic rocks
of the Akjoujt Metabasalt unit and the Saint Barbe Volcanic unit are intensively enriched in
Th, Ta and in light rare earth elements (LREE), characterized by steep REE patterns and
high LaCN/YbcN ratios. Based on the discrimination diagrams for intermediate and felsic
volcanic rocks, the selective HFS and LREE enrichment in the rocks is attributed to the
contribution of arc component indicating a submarine, volcanic arc setting, along active
continental margin.
The Akjoujt metavolcanic rocks have experienced a clockwise retrograde P-T path,
beginning with peak, amphibolite facies metamorphism at 580 ±40°C and 5 kbar
(pargasite-albite), a retrograde overprint at upper greenschist facies at 410 ±30°C and ca.
3 kbar (biotite-actinolite), which is later overprinted at lower greenschist facies (chlorite-
quartz). In contrast, the upper greenschist facies metamorphism was for the Saint Barbe
Volcanic unit peak metamorphism.
The metacarbonate body, which hosts the iron oxide copper-gold-cobalt mineralization
comprises of massive siderite that exhibits high Fe-Mg substitution. The REE patterns of the
siderite display a weak to moderate REE fractionation with distinct negative Ce anomalies
and no significant Eu anomalies. The chemical signature of the siderite combined with
morphological and petrographical observations indicate a primary sedimentary origin for the
metacarbonate, deposited in a marine, coastal environment.
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4 DEPOSIT STRUCTURE
The Fe oxide-Cu-Au-Co mineralization at Guelb Moghrein is restricted to the lensoid
metacarbonate body (Occidental) in the central-north pit area hosted by discrete D2 shear
zones. The mineralization is interpreted from drilling to occur in breccias that form multiple,
coalescing lenses within the metacarbonate (Strickland and Martyn 2002; Kolb et al. 2006).
An integrated three-dimensional structural study of the deposit is presented here. The study
includes three-dimensional (3D) graphic representation of the geometry and structural
setting of the host metacarbonate body as well as the Cu-Au-Co ore bodies. The relationship
between regional structures, geometry and spatial distribution of the ore zones based on
field work interpretations and three-dimensional modeling are summarized and discussed
here in sequence.
4.1 Structural setting of the Guelb Moghrein deposit
The metacarbonate body (Occidental) that hosts the Fe oxide-Cu-Au-Co mineralization is
separated from the biotite-actinolite schist by the ESE-WNW trending D2 thrust contact
(Figure 2.5). In surface outcrop, the southern (upper) and northern (lower) lithological
boundaries of the metacarbonate occur always in sharp contact and parallel aligned to the
S2 foliation planes of the biotite-actinolite schist (Figure 4.1). The S2 foliation describes a
~225oN, gently (25-35o) dipping, mylonitic foliation with a down-dip L2 mineral stretching
lineation defined by the alignment of actinolite and biotite (Figure 4.2a and 4.3; Table
12.1). The S2 foliation locally folded into upright, open F3 folds with low SW-plunging fold
axis (Figure 4.2b).
Figure 4.1 Photograph from the pit area showing the sharp, thrust contact (dash line)
between the ore-hosting metacarbonate and the biotite-actinolite schist. The contact is
parallel aligned to the S2 foliation planes (straight line).
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The eastern and western parts of the metacarbonate are defined by the steep D3 thrust
contacts to the chlorite schist (Figure 2.5). The D3 shear zones are characterized by a
~265oN, moderately (40-65o) dipping, mylonitic foliation (S3) with a well-developed down-
dip L3 lineation (Figure 4.2c and 4.3; Table 12.1) defined mainly by the alignment of chlorite
in the chlorite schist. The asymmetric crenulation cleavages, S3–C' fabrics, and rotated
porphyroclasts in both SSW- and WNW-dipping lithologies point to reverse sense of
movement during both D2 and D3 deformational events (Section 3.1 and 3.3).
Figure 4.2 Pole figures (equal area, lower hemisphere) of the major foliations collected
from the open pit. a) Poles to the S2 foliation (n=57), b) poles to the S2 foliation from a F3
fold and calculated fold axis with shallow southerly plunge (n=15), and c) poles to the S3
foliation (n=46).
The Fe oxide-Cu-Au-Co mineralization is concentrated in discrete D2 shear zones that
truncate the metacarbonate (Strickland and Martyn 2002; Kolb et al. 2006). Shearing
during the D2 event was partitioned into ductile deformation in the biotite-actinolite schist
and brittle deformation of the metacarbonate. Breccias developed in the metacarbonate
contain always at least some mineralization, and thus, brecciation during D2 shearing is
regarded to be coeval to the mineralization stage. The characteristic geometry of the
breccia zones includes central, Fe-Mg clinoamphibole-chlorite phyllonite surrounded by a
progressively developed breccia of fractured siderite (Kolb et al. 2006). Generally, the clast–
matrix ratio and the fragment size increase systematically with the distance to the ore
zones. In the main ore zones, sulfides comprising mainly of chalcopyrite, pyrrhotite and
arsensulfides dominate the breccia matrix forming massive zones up to 20 cm wide that are
developed along S2 shear planes. A detailed, petrographical and geochemical description of
the mineralization zones is given in Chapter 5.
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4.2 Three-dimensional modeling of the Guelb Moghrein deposit
4.2.1 Methods and techniques
The source data used for the development of the three-dimensional (3D) model of the
deposit originated from assay- and log-datasets from 105 drill holes. The drill hole grid
covers most of the extend of the Guelb Moghrein mine area having a spacing of 50 by 50
meters. The drill holes of both reverse circulation- and diamond drill-types belong to the
exploratory drilling program made by GGISA (General Gold International SA) during the
years 1994-95. Each drill hole dataset describe the properties of the core samples for every
meter interval and covers most of the length of the drill hole. It contains accurate
information about the location (x,y,z coordinates), orientation (azimuth and inclination) and
geological-geochemical properties of more than 2160 drill core samples (rock type, ore-
element content). The drill hole datasets were further processed and graphically
represented utilizing the software DataMine Studio® version 2.0.
The key geological features modeled in three dimensions are the topography of the
open pit, the lithological boundaries of the metacarbonate body to the biotite-actinolite
schist (footwall and hanging wall, respectively), major structures (shear zones), and the
copper, gold, cobalt and arsenic contents of the metacarbonate. These features were
modeled either as geologic surfaces or geologic volumes. As geologic surfaces (wireframe
models) have been modeled the topography, lithological and tectonic contacts, whereas the
metacarbonate body and the distribution of the high-grade ore zones within, have been
modeled as volume models (block models).
The surface modeling of the topography required a set of x,y,z data (i.e. coordinates)
that describe the pit surface and have the form of point surveys. The point survey set has
been constructed by digitizing the topographical reference map of the open pit, of 1:250
scale (SAMIN 1995). The topographical map was digitized utilizing the GIS (geographic
information system) software ArcView® version 3.2. Surface modeling of the upper and
lower lithological boundaries of the metacarbonate body and the major shear zones involved
digital capturing of 15 mine cross sections, parallel to each other and at 50 meters spacing.
The lithotype database of the drill hole dataset and field measurements were used and the
data were interpolated into three-dimensional lattices.
The volume model of the metacarbonate body was created by interpolating the drill
hole data into three-dimensional blocks, 5 X 5 X 2.5 meters in size. The fully interpreted
volume model was subsequently created using spherical variograms and point to point
kriging to interpolate the geochemical databases into three-dimensional space within the
blocks. This method records the presence or absence of entity within a block and produces a
three-dimensional isosurface around the block when a threshold value (e.g. Cu>500 ppm) is
exceeded. In this study the distribution of copper contents in the metacarbonate was
DEPOSIT STRUCTURE
52
modeled and the values > 1 gr/tonne were selected to model the ore bodies. These values
were selected to model the ore bodies because it marks the lower cut-off for resource
calculations. The model reflects the distribution of dense drill-log data and is thus highly
regular.
4.2.2 Metacarbonate and D2/D3 structures
The three-dimensional (3D) model of the metacarbonate body (block model) under the
today’s open pit surface is shown in Figure 4.3. The model shows the metacarbonate to be
bound to the north and south by the SSW-dipping D2 shear zones (black surface) and to the
west by the WNW-dipping D3 shear zone (gray surface). The metacarbonate body has a
lensoid, pear-shaped form about 250 m long and 400 wide. It tapers gently down-dip but is
open at deeper levels (-150 m depth). The central and eastern portion of the body forms a
relative narrow, coalescing layer with sub-parallel upper and lower margins, and range in
thickness from 30 to 40 meters (Figure 4.3). In contrast, thickening of about 50% occurs in
the western portion, which presents a vertical distance between the upper and lower
boundary of approximately 90 meters.
Figure 4.3 Schematic block model showing the relationships of D2 and D3 structures and the
resulting geometry of the ore-hosting metacarbonate body under the open pit. Additionally,
in the Hoeppener diagrams (equal area, lower hemisphere) of the S2 and S3 foliations, the
related mineral stretching lineations and shear sense are given. Dash lines represent the
cross sections as seen in Figure 4.4.
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Digitally visualized cross sections parallel to the lineation of the D2 shear show that the
down-dip alignment of the metacarbonate is always parallel to the S2 foliation of the wall
rocks (see also Figure 4.4b). The eastern, narrow part of the metacarbonate is folded into
upright, open F3 folds which have low plunging, N–S trending fold axes, similar to these
observed and measured in the biotite-actinolite schist at pit surface (Figure 4.2b and 4.3).
W-E cross sections parallel to the lineation of the D3 shear show that the eastern and
western margins of the metacarbonate are defined by abrupt terminations (thrust contacts)
that deep parallel to the S3 foliation planes. Particularly, the western and thicker part of the
body is marked by an approximately 60 degree steep termination, however at deeper levels
(about -80 m) the angle becomes more gently and the metacarbonate occurrence
continuous to the west as a narrow lens (20 meters thick), of at least 100 meters extend.
4.2.3 Ore bodies
Initially, four versions of the three-dimensional (3D) model of the ore bodies were created,
each for one ore element i.e. Cu, Au, Co, and As. The 3D models shows that the grade
distribution pattern for all these elements in the metacarbonate is identical, indicating that
Cu-Au-Co mineralization formed during one hydrothermal event (D2) and not in distinct
episodes. The graphic representation of Cu distribution in the ore bodies (Figure 4.4) is
selected as more representative.
As shown in the 3D graphic representation in Figure 4.4a of the copper distribution in
the metacarbonate body, the entire body contains at least some copper, however the high
grade zones are concentrated in certain intervals. These coincide spatially with the highly
strained and mineralized breccia zones in the metacarbonate. The amount of copper
mineralization decreases rapidly away from the metacarbonate boundaries, usually within 5
m laterally. The ore bodies (> 1% Cu) form down-dip, undulating, and broadly tabular
zones that range from 15 to 30 meters wide. About four main ore zones can be identified;
these are situated along the hanging-wall and footwall contacts and in discrete zones
particularly in the western, thicker part of the body (Figure 4.4c-d). Cross sections parallel
to the lineation of the D2 shear shows that the ore zones are elongated parallel to the S2
foliation (Figure 4.4b). To the west and east, the ore bodies are terminated by the D3 shear
zones but they do not seem to be further affected by the D3 deformation as their continuous
character in W-E sections assists (Fig 4.4c-d). Small discontinuities observed in the central
part of the body are attributed to displacement along low scale, reverse faulting (D4-5).
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Figure 4.4 (a) 3-D model of the topography (brown surface) and the entire metacarbonate
body that hosts the Fe oxide-Cu-Au-Co mineralization. The white vertical lines refer to the
location of boreholes. The coloration reflects the Cu content as modeled from drill core data
utilizing DataMine software. The Cu-rich zones (in red) form tabular bodies dipping to SW
parallel to the S2 foliation. (b) NNE-SSW section (parallel to the L2 mineral stretching
lineation) from the 3-D model showing the down-dip parallel distribution of Cu-rich zones
parallel to the S2 foliation. (c,d) WSW-ENE sections (perpendicular to the L2 mineral
stretching lineation) showing a number of distinct Cu-rich zones in parallel distribution.
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4.3 Summary
The geometry of the metacarbonate body and the ore bodies reflects the regional
tectonostratigraphic setting. The shape analysis of the three-dimensional model of the
deposit indicates that the pear-shaped, lensoid geometry of the metacarbonate body is the
result of the planar alignment and thin-stacking (of the western part) of the metacarbonate
during northeastward D2 thrusting at upper greenschist facies metamorphism. Least
mineralized metacarbonate lenses are flanked by several mineralized breccia zones parallel
aligned to the D2 shear sense. The Fe oxide–Cu–Au–Co mineralization is situated (1) along
the sheared hanging wall and footwall contacts and (2) in discrete shear zones truncating
the metacarbonate. Cu-Au- and Co- ore bodies occur in the breccia zones developed in the
metacarbonate and form multiple, up to 30 m wide, coalescing, foliation (S2) parallel lenses
that dip moderately SW.
Subsequent eastward overthrusting and folding during D3 deformational event at lower
greenschist facies resulted in the displacement of the mineralized structures in an eastward
direction. The consistency in the shape of the ore bodies in respect to the D2 sense indicates
no remobilization of the mineralization during D3 deformation.
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5 PETROLOGY OF HYDROTHERMAL ALTERATION
The petrography and mineralogy of the hydrothermal alteration zones in the various
lithologies at Guelb Moghrein have been examined along traverse from the least altered wall
rocks through the alteration zones to the massive ore zones. Sampling of four individual drill
cores in ca. every two meters of interval combined with pit sampling provided specimens of
all the connecting rock types. In this chapter, a detailed description of the distribution,
texture and mineral chemistry of hydrothermal alteration in the metacarbonate and in the
Akjoujt Metabasalt unit is given.
5.1 Mine cross section
The Fe oxide-Cu-Au-Co mineralization is restricted to the lensoid metacarbonate body in the
northern pit area. It is situated (1) along the sheared hanging wall and footwall contacts,
and (2) in discrete shear zones truncating the metacarbonate parallel to the S2 foliation
(Chapter 4). The Figure below shows N-S cross section of the entire pit area of the Guelb
Moghrein Occidental deposit. The linear dimensions of the mine cross section are based on
field measurements, drill core logging and 3D ore deposit analyses.
Figure 5.1 N-S cross section of the Guelb Moghrein pit area showing the down-dip geometry
of the various lithologies, the distribution of the mineralized breccia zones in the
metacarbonate, and the alteration halo in the Akjoujt Metabasalt unit.
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5.2 Ore breccia
The D2 shear zones in the metacarbonate form multiple, up to 30 m wide coalescing breccia
zones that dip moderately SW (Figure 5.1). They consist of brecciated siderite within a
matrix of a complex Fe-Mg clinoamphibole, chlorite, magnetite, graphite, apatite,
REE-phosphate and arsenide-sulfide-gold assemblage. The mineralogy of the identified
arsenide-sulfide-gold minerals and REE-phosphates from the ore zones are separately
described in Chapters 6 and 9, respectively.
5.2.1 Breccia textures
There is a general gradation in the intensity of brecciation of the metacarbonate towards the
core of the ore bodies (Figure 5.2 and 10.3). The clast-matrix ratio and the fragment size
increase systematically with the distance to the ore zones. In the most distal parts, healed
microfractures of variable orientation are found in the metacarbonate (Figure 5.2a and
5.7g). The breccia has a clast-supported fabric with a network of variably oriented fractures
of 100 μm to 3 mm width, suggesting in situ fragmentation of the original siderite (Sd1).
The siderite clasts (Sd2) are up to 1 cm in diameter and have an angular to sub-rounded
shape giving the breccia a crackle structure (Figure 5.2a). Commonly, a set of two
microfracture orientations can be distinguished, which enclose an angle of about 70°. This
suggests that the rhombohedral cleavage planes of the siderite crystallographically control
initial fracture formation. Commonly, these microfractures represent syntaxial veins filled
with fibrous Fe-Mg clinoamphiboles and sulfides. These microfractures are visible in
backscattered electron images or are coincident with fluid inclusion trails. The siderite (Sd3)
in these healed microfractures is BSE-bright, corresponding to an iron-rich composition.
Towards the ore bodies the increasingly porous and permeable crackle breccia zones
give way to breccia characterized by extensive recrystallization of the siderite fragments
and low clast/matrix ratio. These breccia zones consist of pebble-like siderite fragments
(Sd2) surrounded by a matrix of very fine, recrystallized siderite (Sd3), Fe-Mg
clinoamphiboles, magnetite, graphite, and sulfides that form thin bands (0.1-10 mm)
parallel to the S2 foliation (Figure 5.2b). In these highly sheared zones, the siderite
fragments (Sd2) do not exceed 0.5 cm in diameter, are sub-rounded to rounded, with
smooth to corroded or embayed margins. Usually the fragments are elongated with their
long axis parallel to the S2 foliation and often appear to be rotated. Recrystallized siderite
(Sd3) grains have usually sharp boundaries and lack of fluid inclusions. Characteristically,
these zones contain the highest amounts of magnetite and graphite in the rock.
In the main ore zones, sulfides comprising mainly of chalcopyrite, pyrrhotite and
arsensulfides dominate the breccia matrix forming massive zones up to 20 cm wide (Figure
5.7g,h). Siderite fragments (Sd2) preserved in the matrix are usually very small (<0.1 cm),
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rounded or irregular, with corroded or embayed boundaries due to the almost complete
replacement by sulfides as well as magnetite. Locally, the massive sulfide matrix is
truncated by pyrrhotite veinlets with a comb texture, which points to repeated fracturing
during progressive brecciation and hydrothermal alteration.
Figure 5.2 Thin section photomicrographs from the breccia zones in the metacarbonate
showing (a) set of microfractures in siderite (Sd2) healed by recrystallized siderite (Sd3),
grunerite and sulfides, and (b) pebble-like siderite fragments (Sd2) with alternating thin
bands of fine-grained siderite Sd3, graphite, magnetite and grunerite.
5.2.2 Siderite chemistry
The siderite fragments in the ore breccia are characterized by growth zones of secondary
siderite (Sd2) manifested as alternating bright and dark bands as seen in backscattered
electron (BSE) images (Figure 5.3a). The BSE-dark and BSE-bright zones vary in size from
sub-micron to 10 micron in width and are commonly parallel to the external terminations of
the fragment. In many siderite (Sd2) grains however, euhedral (rombic) growth zones are
apparent in backscattered images, but the host crystal does not optically display euhedral
terminations (Figure 5.3). The BSE-brightness increases commonly in the outer parts of the
Sd2 siderite grains. Electron microprobe (EMP) analyses have revealed that the optical
zonation corresponds to intense variation in the iron and magnesium concentrations within
individual grains (Figure 5.3). Particularly, EMP traverses from core to rim on siderite Sd2
grains show that the iron content increases up to 50%, relative to the core towards the rim
(Figure 5.3b; Table 12.29). The fine grains of recrystallized siderite Sd3 are in BSE imaging
optically homogenous with BSE-brightness corresponding to the more iron-rich
compositions. Based on EMP analyses, the brecciated and recrystallized siderite (Sd2/3) have
compositions that range from pistomesite in the core and Mg-siderite at the rim with FeO
between 27.1 and 43.2 wt.% (Figure 5.4a; Table 12.29). The XMg varies between 13.7 and
24.9 wt.%. The amounts of CaO and MnO are very low at 0.1-1.2 wt.% and 0.6-3.0 wt.%,
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respectively, and remain undifferentiated from core to rim in individual grains. Trace
element analyses by LA-ICPMS on individual siderite (Sd2) grains revealed very low
concentrations of Rb (0.06-0.4 ppm), Sr (0.4-1.6 ppm) and Ba (0.9-2.4 ppm; Table 12.48).
The total amounts of the REE contents range between 1.5 and 6.7 ppm being higher
comparably to that of the least altered (Sd1) siderite. The chondrite (C1) normalized REE
patterns of Sd2 have LaN/SmN ratio between 0.5 and 2, and show steep enrichment in the
HREE (Figure 5.4b); higher relative to Sd1 siderite, (GdN/YbN=0.05-0.2). Eu displays
inconsistently, small negative and positive anomalies (Eu/Eu*=0.7-1.3) and negative Ce
anomalies (Ce/Ce*=0.6-1).
Figure 5.3 (a) Backscattered electron (BSE) image of siderite (Sd2) showing intense
zonation with increasing BSE-brightness towards grain boundaries, (b) EMP traverse (line
1-8) showing the increase of iron content in siderite (Sd2) grains from core to rim (An. No.
102-109; Table 12.29).
Figure 5.4 (a) FeO vs MgO scatter diagram showing the intense compositional variation in
brecciated siderite (n=143), and (b) chondrite (C1) normalized REE plot (values after Sun
and McDonough 1989) of the brecciated siderite in comparison to least-altered siderite
(n=10).
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5.2.3 Fe-Mg clinoamphibole-magnetite-graphite association
Magnetite becomes abundant (up to ca. 30 modal %) in highly deformed domains of the
metacarbonate and gives the rock a dusty, dark grey color. Magnetite is typically intergrown
with white, fibrous Fe-Mg clinoamphiboles, graphite and sulfides that appear to replace the
brecciated siderite. The paragenetic association can be observed in all scales with varying
intensity. In the scale of microscopic observation, minute (10-50 m), idiomorphic
magnetite grains enclosed in siderite are rimmed by radiating, fine-grained Fe-Mg
clinoamphibole and/or graphite (Figure 5.5a,e). Along millimeter or centimeter-scale
fractures in siderite, euhedral or drop like, coarse-grained (0.1-5 mm) magnetite is found at
rims of fine-grained Fe-Mg clinoamphibole and sulfide matrix (Figure 5.5b). Magnetite
situated in massive pyrrhotite and chalcopyrite matrix is coarse, either idiomorphic, rotated
or cataclastic deformed or even replaced by the sulfides. Electron microprobe (EMP)
analyses show that magnetite has almost stoichiometric composition with Ti, V, and Cr
contents below the detection limit (Table 12.30).
The Fe-Mg clinoamphiboles form pale white, idiomorphic blades (0.01-1 mm) that
replace directly the host siderite. The contacts of the Fe-Mg clinoamphibole and siderite
exhibit scarnoidal textures as seen clearly in thin section, and in backscattered electron
images (Figure 5.5a-c). Backscattered imaging revealed that the Fe-Mg clinoamphiboles are
strongly zoned, particularly when these are in direct contact to siderite (Figure 5.5d). The
zonation pattern is always parallel to the grain boundaries with decreasing BSE-brightness
towards the rims. EMP analyses show that the BSE-darker rims are of cummingtonite
composition whereas the BSE-brighter core is of grunerite composition. There is a distinct
compositional gap in respect to iron content between grunerite and cummingtonite even in
individual Fe-Mg clinoamphibole grains. In cummingtonite the XMg ranges between 0.52 and
0.59 and the Al2O3 content is constantly below 0.04 wt.% (n=68; Table 12.24). In grunerite
the XMg varies from 0.38 to 0.45 whereas the Al2O3 amounts are relatively high ranging
between 0.07 and 0.74 wt.% (n=46; Table 12.24).
Graphite occurs along the contacts between siderite and magnetite, or grunerite or
sulfides (Figure 5.5e,f). It forms tiny (5-10 m) flakes, that are either disseminated or
aggregates, or in fine, massive bands particularly in highly brecciated zones (Figure 5.5f).
Apatite, where present, forms idiomorphic, tetragonal (in cross section) grains of 100-
300m in size. It has the nominal Ca5(PO4)3(OH,F,Cl) composition with Cl contents ranging
from 0.14 to 0.30 wt.% (n=14; Table 12.27).
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Figure 5.5 Backscattered electron images of (a) minute magnetite (Mt) grains enclosed in
siderite and rimmed by radiating, fine-grained Fe-Mg clinoamphibole (Gru), (b) coarse,
idiomorphic magnetite grains developed at rims of fine-grained Fe-Mg clinoamphiboles
(Gru) and graphite, along fractures in siderite, (c) fibrous grunerite replacing siderite and
forming massive breccia matrix, (d) idiomorphic blades of Fe-Mg clinoamphiboles with the
typical zonation of grunerite (Gru) core and cummingtonite (Cumm) rim. Thin section
photomicrographs showing (e) idiomorphic magnetite rimmed by fine-grained graphite and
grunerite, and (f) massive graphite intergrown with grunerite in a magnetite- and sulfide-
rich zone.
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5.2.4 Equilibrium reactions
The paragenetic Fe-Mg clinoamphibole-magnetite-graphite association shows that these
minerals developed as a direct replacement of siderite. The chemical equilibrium was limited
to the minerals immediately in contact during reaction. The quartz-absent magnetite-
grunerite association could have been formed by the metamorphic reaction of siderite of the
metacarbonate and the silica-bearing hydrothermal fluids (French 1971; Miyano and Klein
1989; Ellis and Hiroy 1997):
36FeCO3+24SiO2+8H2O  3Fe7Si8O22(OH)2 +5Fe3O4 +36CO2 +5H2,
whereas decarbonation of CO2 produces graphite according to the reaction: CO2  C + O2.
At temperatures of about 400°C grunerite forms according to the above reaction at a
pressure as low as 2 kbar under considerable high XCO2 conditions, which can be expected
to have prevailed in the metacarbonate rock (Miyano and Klein 1989). Similar P-T
conditions are needed to stabilize the grunerite-chlorite paragenesis in the phyllonite of the
breccia, which has a stability field between 310 and 430 °C at 4 kbar, which becomes even
smaller at lower pressures (Miyano and Klein 1989). These conditions are in agreement to
the calculated P-T metamorphic conditions (410±30°C and ca. 3 kbar) during mineralization
at Guelb Moghrein.
As seen in the above reactions, decarbonation of siderite to graphite during
hydrothermal alteration results in the local increase of the oxygen fugacity in the breccia. As
such, increasing oxygen fugacity would stabilize Fe-Mg clinoamphiboles with higher Mg
proportion relative to Fe (Spry 1980); this process explains the development of
cummingtonite in expense of grunerite at rims of the clinoamphibole crystals. In contrast, in
the Fe-Mg clinoamphibole-chlorite phyllonite where relatively more stable oxygen fugacity
prevails, magnetite coexists with silicates with high XFe (grunerite and ripidolite) that exhibit
no zonation.
5.3 Fe-Mg clinoamphibole-chlorite phyllonite
Fe-Mg clinoamphibole-chlorite phyllonites are found exclusively in certain depth intervals in
the metacarbonate close to massive, high-grade ore zones. The limited occurrence and the
discontinuous character of the Fe-Mg clinoamphibole-chlorite phyllonite zones make them
difficult to correlate and map on surface, but are distinctive in drill cores (Figure 7.1). They
make up narrow, planar intervals in the metacarbonate up to 20 cm wide that are parallel to
the S2 foliation. These are enclosed, and often appear rotated, in a matrix comprising of
coarse-grained Fe-Mg clinoamphiboles and sulfides (Figure 5.7e). The phyllonite is
characterized by a closely spaced foliation (S2) and comprises about 90 % of modal
proportion chlorite. Besides chlorite, grunerite, magnetite, ilmenite, apatite, allanite and
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minerals of the arsenide-sulfide-gold assemblage occur along the dense foliation planes and
micro-shear bands (Figure 5.7e,f).
Chlorite forms fine (50-200 m), dark green and strongly pleochroic grains (Figure 5.7f).
EMP analyses show a relative constant iron-rich composition that corresponds to ripidolite
with XFe ranging between 0.53 and 0.61 (n=29; Table 12.21). Grunerite forms idiomorphic
blades up to 0.4 mm always oriented in the chlorite matrix (Figure 5.7f). Backscattered
electron (BSE) images and EMP analyses revealed no optical or chemical zonation in the
grunerite blades; the XMg varies slightly averaging at 0.42, whereas the Al2O3 content is
constantly below 0.5 wt.% (n=20; Table 12.25). Magnetite forms coarse (50-350 m),
oriented porphyroblasts wrapped up by the foliation of chlorite and grunerite, and contain
abundant ilmenite inclusions. Apatite forms small (20-50 m), idiomorphic porphyroblasts.
Compositionally, apatite is almost identical to these observed in the metacarbonate;
however it shows higher FeO contents (0.13-0.76 wt.%) and lower Cl contents (avg.
0.04 wt.%; Table 12.27). Allanite is a non-ubiquitous phase forming very small grains (10-
20 m) characterized by a halo of complex REE-minerals.
The Fe-Mg clinoamphibole-chlorite phyllonite shows breccia textures that resulted from
in situ fragmentation and displacement of the phyllonite strata on a micrometer to
millimeter scale with subsequent overprinting and replacement of the primary mineralogy
by hydrothermal minerals. In such, puzzle-like breccias in the Fe–Mg clinoamphibole-
chlorite phyllonite form locally, up to 5 cm wide and up to 20 cm long lenses parallel to the
S2 foliation (Figure 5.7e and 10.3). The clasts are 50 to 200 μm in diameter and comprise of
angular fragments of chlorite and Fe-Mg clinoamphibole in a massive sulfide matrix.
5.4 Biotite-chlorite-grunerite-calcite alteration zone
The mylonitic hanging wall and footwall contacts to the metacarbonate are represented by
intensively hydrothermally altered biotite-actinolite schist of the Akjoujt Metabasalt unit.
The biotite-actinolite schist shows increasing development of the S2 foliation and alteration
towards the metacarbonate, forming a ca. 40 m wide biotite-grunerite-chlorite-calcite
alteration halo peripheral to the metacarbonate (Figure 5.1). Although mineralogically
similar to the biotite-actinolite schist, this zone contains a pronounced fine-grained,
lenticular-banded structure and increased proportion in phyllosilicates and carbonate.
Biotite, grunerite, chlorite and calcite are the main alteration minerals and together
with quartz make up more than 90 wt.% of the rock mineralogy. Magnetite, ilmenite,
apatite, plagioclase and primary hornblende may occur in appreciable amounts. These are
all stable along the S2 foliation, which is mainly defined by very thin (20-100 m),
alternating biotite-chlorite and quartz layers (Figure 5.7a-d). Chlorite forms fine (20-
50 m), dark green and strongly pleochroic grains. It is intergrown with biotite and
grunerite and in places seems to replace primary hornblende. Based on the classification of
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Hey (1954), chlorite is ripidolite in composition with XFe varying between 0.51 and 0.58
(Figure 5.6a; Table 12.20). Biotite flakes are very fine (10-50 m), strongly pleochroic and
replaces primary hornblende. The composition of biotite shows a wide range of XFe from
0.53 to 0.73 (Table 12.17). According to the biotite classification diagrams of Rieder et al.
(1998) it plots in the fields of siderophyllite and annite (Figure 5.6b). Grunerite dominates
in the most altered portions of the zone forming small pods, discontinuous lenses, to
banded layers (up to 3 cm thick) that intercalate the foliation of the biotite and chlorite
(Figure 5.7a,b). Toward the mineralized metacarbonate, the grunerite occurrences in the
rock appear to increase rapidly in frequency and thickness, usually within 15 m laterally,
and host locally abundant sulfides (Figure 5.7c,d). In grunerite the XMg averages at 0.45
whereas the Al2O3 content is relative high (up to 1.0 wt.%), (n=25; Table 12.23). Calcite
accompanies the alteration irregularly occurring either as small veinlets within the biotite-
chlorite matrix or filling spaces between grunerite blades. Quartz forms very fine-grained
(10-30 mm), equigranular matrix in the layers. Magnetite and ilmenite form disseminated,
idiomorphic to irregular grains associated mainly with biotite and chlorite. Relicts of primary
amphibole and plagioclase are scarce and, where present, are granulated forming rounded
or flattened out grains (Figure 5.2b). The amphibole has a ferro/an pargasite composition as
in amphibolite (n=39; Table 12.14) and plagioclase is of albitic composition with anorthite
content below 7.5 (n=48; Table 12.11). Apatite occurs as small grains in the biotite-chlorite
matrix and has the nominal Ca5(PO4)3(OH,F,Cl) composition; it can be distinguished from
apatite occurring in the metacarbonate by the higher F contents (2.92-4.22 wt.%; n=9;
Table 12.26).
Figure 5.6 (a) The chlorite composition from the biotite-chlorite-grunerite-calcite alteration
plots in the field of ripidolite (n=68; classification of Hey 1954), and (b) the biotite
composition plots in the field of annite (n=52; classification of Rieder et al. 1998).
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Figure 5.7 (previous page) Photographs of drill core hand specimens and thin sections
showing the (a) biotite-chlorite-grunerite-calcite paragenesis, (b) detail of the the biotite-
chlorite-grunerite-calcite alteration zone showing the thin biotite, chlorite, grunerite and
quartz banding that wraps around relicts of pargasitic amphiboles, (c) grunerite veinlet
accompanied by sulfides from the biotite-chlorite-grunerite-calcite alteration zone proximal
to the metacarbonate, (e) Fe-Mg clinoamphibole-chlorite phyllonite from the ore breccia
accompanied by abundant sulfides, (f) detail of the very thin chlorite and grunerite banding
and the enclosed idiomorphic magnetite and apatite grains in the Fe-Mg clinoamphibole-
chlorite phyllonite, (g) brecciated siderite of the metacarbonate within a matrix of a Fe-Mg
clinoamphibole, magnetite, graphite and arsenide-sulfide-gold assemblage, and (h) detail
of the breccia matrix composed of massive pyrrhotite, chalcopyrite and abundant
idiomorphic arsenopyrite grains.
The texture of the biotite-grunerite-chlorite-calcite alteration zone is ultramylonitic defined
by small clasts of relict amphibole and plagioclase (< 10% modal proportion) enveloped by
the closely-spaced foliation of the chlorite and biotite. Quartz forms ribbons made up of fine,
recrystallized grains that have wavy/serrated boundaries and display undulatory extinction
(Figure 5.7b-d). The direct replacement of the primary mineralogy (hornblende-plagioclase)
by biotite, chlorite, and grunerite along S2 foliation and S2-C' planes indicate that
hydrothermal alteration in the Akjoujt Metabasalt unit was contemporaneous with the
development of the D2 mylonitic zones in the amphibolite and consequently the breccia
zones in the metacarbonate. Where present, the sulfides exhibit primary, undeformed
textures (i.e. idiomorphic porphyroblasts) attesting to their syntectonic emplacement.
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5.5 Summary
Shearing during the northeastward (D2) deformational event was partitioned into ductile
deformation in the Akjoujt Metabasalt unit and brittle deformation of the metacarbonate.
Hydrothermal alteration and Fe oxide-copper-gold-cobalt mineralization in the metacarbo-
nate during D2 were pervasive, extending into the footwall and hanging wall units.
In the metacarbonate the D2 shear zones have a characteristic geometry of a central,
ductile Fe-Mg clinoamphibole-chlorite phyllonite surrounded by a progressively developed
breccia of brittle deformed siderite. The Fe-Mg clinoamphibole-chlorite phyllonite comprises
of iron-rich chlorite, grunerite, magnetite and accessory apatite, ilmenite and monazite. The
phyllonite forms small, puzzle-like breccia in a matrix of massive sulfides and grunerite. In
the metacarbonate and toward the massive ore bodies increasingly permeable crackle
breccia of siderite give way to breccia with pebble-like siderite fragments and low
clast/matrix ratio. The siderite is extensively altered and records an increase in Fe, Zr, Y,
and rare earth elements as well depletion in Rb, Sr, and Ba comparatively to least altered
metacarbonate. Magnetite, Fe-Mg clinoamphiboles, graphite, apatite, REE-phosphates and
an arsenide-sulfide-gold assemblage replaces siderite, along cleavage cracks, grain
boundaries and fissures. Magnetite is Ti- and V-poor, and the Fe-Mg clinoamphiboles
comprise of composite grunerite-cummingtonite grains. The quartz-free Fe-Mg
clinoamphibole-magnetite-graphite paragenetic assemblage is mainly the result of the
reaction of the siderite with Si-undersaturated hydrothermal fluids, whereas the abundance
of graphite is explained by subsequent decarbonation of siderite during metamorphism.
Peripheral to the metacarbonate in the Akjoujt Metabasalt unit a ca. 40 m wide biotite-
chlorite-grunerite-calcite alteration halo developed contemporaneously to the brecciation
and hydrothermal mineralization in the metacarbonate. The bulk of the alteration
assemblage occurs in the dynamically recrystallized feldspar matrix. These minerals form
pseudomorphs after hornblende, replacing the original minerals parallel to the S2 foliation.
The degree of alteration increases toward the ore bodies in the metacarbonate; the modal
proportion of phyllosilicates and grunerite increases substantially, and proximal to the
contact sulfide veinlets along the foliation planes and shear bands become abundant. The
sulfides exhibit primary, undeformed textures, attesting to their syn- to early post-tectonic
emplacement.
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6 ORE MINERALOGY
The ore at the Guelb Moghrein deposit is a polymetallic assemblage featuring a wide
mineralogical variety. In addition to the principal metals copper, gold and cobalt, several
elements such as Ni, Bi, Ag, Te, As, Y, REE, Th etc. are subordinate enriched and
incorporate in the mineralogy of the ore bodies. Sulfides, sulfarsenides and arsenides are
found in almost all samples in decreasing order of abundance and contain the bulk of the
ore, whereas Bi-Au-Ag tellurides are relative scarce. In this section, an analytical description
of the petrographic features, chemical composition, mineralogy, and phase relations is given
for all documented ore minerals. The investigation is based on drill core samples that have
been selected from depths underneath the oxidation zone of the deposit; in such, the
samples lack of supergene alteration and thus, secondary oxide mineralogy.
6.1 Sulfides
The predominant sulfide mineralogy in the breccia is fairly simple, pyrrhotite and
chalcopyrite being the most abundant sulfide species in all of the mineralized environments
in the breccia. The modal amount of pyrrhotite and chalcopyrite in massive ore zones
typically varies from 50 to 85 percent, and in some samples up to about 95 percent. They
occur approximately in equal proportions, typically forming massive aggregates cementing
the breccia. Cubanite, mackinawite and pentlandite occur commonly as exsolution lamellae
in either chalcopyrite or pyrrhotite, but are volumetrically minor.
6.1.1 Pyrrhotite
Pyrrhotite typically occurs in massive aggregates forming a grayish-brownish matrix of
mosaic grain fabric. It forms sub-idiomorphic to xenomorphic, optically continuous twinned
grains with average size that varies from 0.05 to 0.2 mm. Its major occurrence is massive
and granular however, some ore veins are often rimmed with a zone of oriented, outward-
radiating, strongly elongate pyrrhotite grains. It is also found as roundish to oval inclusions
in chalcopyrite or overgrowing arsenopyrite in xenomorphic patches. Locally pyrrhotite is
sheared along the (0001) basal planes. Pyrrhotite is strongly pleochroic ranging in color
from red to creamy brown. It is mostly inhomogeneous in composition typified by the
abundance of lamellae (30-50 m) of a second pyrrhotite phase which has exsolved along
two structural dimensions (Figure 6.1a).
Electron microprobe analyses (EMP) have shown the lamellae-hosting pyrrhotite to be
hexagonal pyrrhotite (Fe11S12) and the lamellae to be troilite (FeS). In some troilite-bearing
samples the ratio hexagonal pyrrhotite/troilite exceeds 0.6. Monoclinic pyrrhotite (Fe7S8)
has also been identified but is volumetrically less; it occurs in samples in which the sulfides
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are deformed, and devoid of troilite lamellae. The distinction of the three pyrrhotite types is
based on the compositional ranges after Desborough and Carpenter (1965). Both hexagonal
pyrrhotite and troilite are iron-rich varieties exhibiting only small variations in iron content;
in the hexagonal pyrrhotite Fe ranges from 47.3 to 47.7 at.% (n=14; Table 12.31) and in
troilite from 49.5 to 49.9 at.% (n=18; Table 12.31). The monoclinic pyrrhotite is sulfur-rich
type and shows a fairly wide compositional variation in Fe from 45.7 to 46.8 at.% (n=39;
Table 12.31). Trace elements detected in pyrrhotite include Co, Ni, Cu, Ag and Au of which
Co and Ni are most frequent and occur at significant concentrations. Co presents a constant
concentration in all pyrrhotite types averaging at 0.06 at.%. Ni shows maximum average
content in hexagonal pyrrhotite (0.15 at.%), lower in monoclinic pyrrhotite (0.05 at.%) and
is totally absent in troilite. The Au and Ag contents are constantly below the detection limits.
Figure 6.1 Backscattered electron images of (a) troilite exsolution lamellae (light gray) in
hexagonal pyrrhotite (dark grey) developed along two directions, and (b) granular and
bleb-like pentlandite exsolved along a fracture in troilite-bearing, hexagonal pyrrhotite.
6.1.2 Pentlandite
Pentlandite is associated with troilite and is characterized by exsolution textures (Figure
6.1). It occurs in a wide variety of forms including flame- or bleb-like exsolutions (10-50 m
in length) and euhedral, granular exsolved grains (40-150 m). The granular pentlandite is
usually found at the triple junctions between the pyrrhotite grains. The flame and bleb types
are located along grain boundaries, partings and fractures in pyrrhotite, radiating inward
and being pseudo-orthogonal to the fracture boundaries (Figure 6.1b). More rarely
pentlandite emanates into the chalcopyrite from the grain boundaries of the coexisting
pyrrhotite. Pentlandite is relative rich in Co with average value at 2.9 at.%. The Ni and Fe
amounts are relative equal averaging at 24.5 and 25.5 at.%, respectively (n=2; Table
12.33).
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6.1.3 Chalcopyrite
Chalcopyrite is the principal Cu-bearing phase and together with cubanite makes up the
bulk of the copper ore. It is as much abundant as pyrrhotite forming massive, brassy golden
aggregates interstitial, or disseminated inside pyrrhotite. It forms xenomorphic grains with
average size from 100-250 m. The composition of chalcopyrite deduced from EMP analyses
appears to be constant and nearly stoichiometric with Cu, Fe and S average contents at
25.1, 25.3 and 49.5 at.%, respectively (n=11; Table 12.32). The total proportion of Ni and
Co does not exceed 0.2 at.%. Only two analyses on chalcopyrite grains showed Au contents
above the detection limit (0.01 wt.%); one at 0.05 wt.% and the other at 0.1 wt.%.
6.1.4 Cubanite
Cubanite is commonly observed as exsolution lamellae in chalcopyrite particularly where
troilite dominates in the samples. In some specimens cubanite dominates proportionally
over chalcopyrite with only some chalcopyrite remaining at grain rims. The cubanite
lamellae consist of relatively broad, parallel-sided units traversing the entire width of the
chalcopyrite host. Commonly, the lamellae of cubanite make intersecting sets at ca. 90o to
one another (Figure 6.2a). The average thickness of individual lamella is about 100 μm and
maximum length being about 1 mm. The mineral exhibits a weak reflections pleochroism
from very light grey-brown to cream-white, and has bright blue, to dark blue and green
interference colors, being tetragonal. Very commonly the lamellae have a well-developed
twinning that is readily apparent with crossed-nicols.
Figure 6.2 Reflected-light photomicrographs (crossed-polarizers) of (a) cubanite lamellae
with twinning developed in two, almost perpendicular directions, and (b) skeletal and
brush-like mackinawite associated with cubanite, both exsolving from chalcopyrite.
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6.1.5 Mackinawite
Some exsolution lamellae of cubanite are endowed with minute skeletal-shaped exsolution
bodies of mackinawite. It forms thin (10-20 m), nearly pure white and weak pleochroic
exsolution lamellae. It is highly anisotropic exhibiting bright blue, pinkish to brownish-white
and reddish-brown colors, reflecting the high Co and Ni proportion in the chemical
composition. A particular occurrence of mackinawite is exsolution lamellae of several
microns wide, lying transverse to the elongation of the exsolution lamellae of cubanite in
chalcopyrite (Figure 6.2b). This implies that chalcopyrite has exsolved cubanite on cooling
and the cubanite has further exsolved mackinawite. Evans et al. (1964) proposed the name
mackinawite for a relatively-rare tetragonal mineral of near-FeS composition; however in
the mackinawite described here Ni, Co and Cu are always present in the composition. Fe
and Ni show relative constant concentrations averaging at 45.0 and 4.6 at.%, respectively,
whereas Co and Cu vary between 0.3-0.7 at.% and 0.1-0.2 at.%, respectively (n=3; Table
12.33).
6.2 Sulfarsenides and arsenides
Sulfarsenides and arsenides are found in almost all samples and include arsenopyrite,
cobaltite, clinosafflorite and nickeline in decreasing order of abundance. Typically,
arsenopyrite and cobaltite occur as clusters and aggregates of large prismatic grains within
the sulfide matrix, whereas clinosafflorite and nickeline are characterized by exsolution
textures.
6.2.1 Arsenopyrite
Arsenopyrite is generally idiomorphic; individual crystals are prismatic, and in cross section
perpendicular to the elongation of the prism are rhombic in shape (Figure 6.3a). Single
arsenopyrite crystals are found dispersed in the sulfide matrix or are concentrated in
aggregates of numerous intergrown individuals. Single crystals commonly range in size
between 0.1 and 0.5 mm, but may locally attain lengths up to 5 mm. It is white with a very
weak yellow tint and is easily distinguishable by the high reflectance. Under crossed
polarizers is strongly anisotropic having an array of interference colors from light to dark
blue.
Both optically homogenous and distinctly zoned arsenopyrite grains are present. In
backscattered electron (BSE) images most of the small arsenopyrite grains (<150 m) are
optically homogenous and devoid of inclusions. Larger individuals however, present a well-
developed, oscillatory zoning parallel to crystal faces, which is indicative of primary growth
zoning. They display commonly a BSE-bright core that turns to fine, oscillatory zoning with
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slightly increasing BSE-brightness in the outer parts of the crystals (Figure 6.3b and 6.4).
The arsenopyrite crystals are often partly corroded and embayed at rims or showing
extensive replacement and overgrowth textures by pyrrhotite and chalcopyrite. Composite
grains of arsenopyrite and clinosafflorite are typified by the presence of native Bi, Au and
Bi-Au-Ag-Te mineral inclusions (Section 6.3; Figure 6.11).
Figure 6.3 Backscattered electron images of (a) coarse, prismatic arsenopyrite grains
enclosed in sulfide-gangue matrix, and (b) single arsenopyrite grains with embayed grain
boundaries exhibiting the typical oscillatory zoning pattern observed in several samples.
Figure 6.4 (a) High-contrast backscattered electron image of a lath-shaped arsenopyrite
displaying well developed, growth zoning. A BSE-bright core turns to fine, oscillatory zoning
with progressively increasing BSE-brightness in the outer parts of the crystal. The dots
(1-10) correspond to EMP analyses shown in Figure b, and (b) compositional variation
diagram along traverse: darker areas correspond to iron-rich arsenopyrite, whereas lighter
areas are Co- and Ni-rich (An. No. 79-88; Table 12.34).
EMP analyses along traverses show that the compositional heterogeneities in arsenopyrite
are mostly related to the variation of the As/S atomic ratio and Fe, Co and Ni contents. The
BSE-bright zones of the crystals have the highest As/S ratios and Co and Ni amounts,
whereas the BSE-dark zones are characterized by higher Fe and S amounts (Figure 6.4b).
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The proportions of As and Fe in the composition of the arsenopyrite vary widely within
single crystals or between individual grains ranging from 31.4 to 41.9 at.% and from 20.6
to 33.0 at.%, respectively (Table 12.34). Co and Ni exhibit elevated contents up to 11.4 and
2.0 at.%, respectively. There is a high positive correlation between the proportion of Co
(and Ni) and As, and respectively between Fe and S (Figure 6.5). Generally, the observed
micro-scale variation in metal and As/S composition, describes a trend where Fe replaces
the Co and Ni mixture.
Figure 6.5 Correlation between Co and
As in the arsenopyrite. Correlation
coefficient is 0.71 (n=158).
The linear trend in the composition of the arsenopyrite can be seen in the Fe-Co-Ni(AsS)
ternary system, which includes also the minerals glaucodot, alloclasite, cobaltite and
gersdorffite (boundaries after Petruk et al. 1971 and Gammon 1966; Figure 6.6). The
composition of the arsenopyrite from the ore ranges from stoichiometric arsenopyrite up to
nearly glaucodot composition. According to Gammon (1966) glaucodot contains a minimum
of 9 wt. % Co.
6.2.2 Cobaltite
Individual cobaltite grains are found either disseminated in the sulfide matrix or rimming
arsenopyrite grains. It forms coarse (0.2-2 mm), idiomorphic grains usually having a
triangular, prismatic or cubic shape. Optically, cobaltite closely resembles in habit the
arsenopyrite from which is hardly distinguishable. However, cobaltite is devoid of concentric
zoning or mineral inclusions, which are fairly typical in arsenopyrite.
The As contents in cobaltite exhibit a limited variation from 31.2 to 34.6 at.% (Table
12.35). In contrast, Co contents vary widely from 17.7 to 28.7 at.%, whereas Fe and Ni
range between 2.5 to 7.2 at.% and 2.2 to 8.9 at.%, respectively. The relative wide
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elemental variations occur mainly between individual grains and rarely within single grains
that are usually devoid of any zoning. Like arsenopyrite, the compositional variation in
cobaltite describes linear trend in the Fe-Co-Ni(AsS) ternary system, where Fe replaces the
Co and Ni mixture (Figure 6.6).
Figure 6.6 Composition of the analyzed arsensulfide (n=158) and cobaltite (n=29) grains
on the NiAsS-CoAsS-FeAsS ternary diagram. Compositional fields are after Petruk et al.
(1971) and Gammon (1966).
6.2.3 Clinosafflorite
Clinosafflorite occurs sporadically and always restricted to the interior of coarse, idiomorphic
arsenopyrite grains. It forms small (10-100 m), irregular inclusions occupying the core of
the arsenopyrite grain. Where present, it is always riddled with minute Bi-Au-Ag-Te-bearing
minerals (Figure 6.11). Under plane polarized light it is pure white and can be distinguished
from the host arsenopyrite by the higher reflectance and the lower relief.
Chemically, clinosafflorite is a cobalt-rich species of löllingite. The As amount varies
slightly between 65.4 and 67.1 at.%, and S is constantly present with an average amount
of 1.6 at.% (Table 12.36). It presents a limited variation in Fe, Co and Ni contents that
average at 17.2, 11.2 and 4.0 at.%, respectively. The compositional heterogeneity
resembles that of the sulfarsenides, i.e., lineal variation in the amounts of Fe, in respect to
Ni and Co (Fe replaces Co+Ni). The total Co and Ni content in clinosafflorite decreases with
increasing Fe content. The strong negative correlation between Fe and Co+Ni can be seen in
the Fe-(Co+Ni) scattergram (Figure 6.7). The composition of clinosafflorite can be
expressed in the Fe-Co-Ni(As2) ternary system of the diasenides, which includes the
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minerals löllingite, safflorite, clinosafflorite, rammelsbergite and pararammelsbergite
(Figure 6.8). Compositional fields used here are after Radcliffe and Berry (1968) and Petruk
et al (1971).
Figure 6.7 Correlation between (Co+Ni) and Fe
in clinosafflorite. Correlation coefficient is very
high at 0.97 (n=26).
According to Roseboom (1963) and Radcliffe and Berry (1968) there is a continuous solid
solution series between FeAs2 and CoAs2, where löllingite is close to pure FeAs2 (less than
3 mol% CoAs2) and safflorite-clinosafflorite composition extending from 3 to 100 mol%
CoAs2, with up to 30 mol% NiAs2. Radcliffe and Berry (1968) classify safflorites into 5
groups (I-V), based on crystallographic and compositional data (Figure 6.8). All of the
analyzed clinosafflorites fall in to the compositional field II of Radcliffe and Berry (1968).
Figure 6.8 Composition of analyzed clinosafflorite grains on the NiAs2-CoAs2-FeAs2 ternary
diagram. Compositional fields are after Radcliffe and Berry (1968; n=26).
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6.2.4 Nickeline
Nickeline appears to be largely restricted along the grain boundaries or fractures in coarse
arsenopyrite grains. It exhibits exsolution textures forming micrometer scale (1-10 m)
brush- or flame-like bodies (Figure 6.9). More rarely forms granular (10-20 m) exsolved
inclusions within clinossaflorite. One analyzed nickeline grain has Ni amount at 38.4 wt.%,
As at 43.0 wt.%, and shows high Fe and Co contents (9.5 wt.% and 2.2 wt.%,
respectively; Table 12.39).
Figure 6.9 Backscattered image of flame-
like nickeline developed in arsenopyrite
along fractures and grain boundaries.
6.3 Bi-Au-Ag-Te mineral associations
Composite grains of arsenopyrite and clinosafflorite enclosed in the sulfide matrix contain
almost always minute inclusions of native bismuth and gold, maldonite, Bi-tellurides, and
gold-bearing, Ag-Te complexes. They occur as submicron- to a few micrometer-sized
inclusions/exsolutions that riddle clinosafflorite, usually as semicircular to crescent-shaped
grains along grain edges, or associated with cracks and small holes, and making up complex
angular intergrowths. None were found occurring with pyrrhotite or chalcopyrite.
6.3.1 Native Bi and Bi-tellurides
Native bismuth and Bi-tellurides occur always in composite arsenopyrite-clinosafflorite
grains intimately associated with native gold and electrum, as well as Au-Ag tellurides. The
native Bi and the Bi-tellurides form micrometer (1-30 m) irregular, bleb- and drop-like
inclusions commonly occupying the boundaries of clinosafflorite to arsenopyrite or riddle the
interior of the clinosafflorite (Figure 6.10).
Native bismuth is generally free of other elements; however some grains contain small
amounts of gold and silver (0.1-0.2 wt.% Au and 0.04-0.06 wt.% Ag; n=8; Table 12.37).
The analyzed Bi-tellurides enclosed in the composite grains show an extended compositional
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range from about 55.8 to 78.7 at.% Bi with a compositional gap between 61.2 and 71.8
at.% Bi (Table 12.37). Sulfur is generally below the detection limits (<0.01 wt.%). The
observed compositions of the Bi-tellurides belong to the homologous series between
tellurobismuth (Bi2Te3) and tsumoite (BiTe). The preferential clustering of the compositions
from 55.8 and 61.2 at.% Bi corresponds to the pilsenite (Bi4Te3) composition, whereas the
grains with composition ranging from 71.8 to 78.7 at.% Bi correspond to either a Bi-rich
hedleyite (Bi7Te3; 70 at.% Bi) composition or a solid solution between Bi2Te and hedleyite
(Figure 6.10). Au, Ag and Se are usually present in the composition of the analyzed Bi-
tellurides but their amounts do not exceed 0.5 wt.%, 0.1 wt.% and 0.1 wt.%, respectively
(Table 12.37).
Figure 6.10 Composition of analyzed Bi-Au-Ag-Te minerals plotted on the Bi-Te-(Au+Ag)
ternary diagram. Compositional boundaries and mineral terminology used here are after
Brown and Lewis (1962; n=52).
6.3.2 Gold- and silver-bearing minerals
The gold occurs in four different phases; as pure native gold, in electrum, in maldonite
(Au2Bi) and rarely in gold-silver-tellurium compounds. It is associated mainly with
arsenopyrite, clinosafflorite and bismuth minerals. Like native Bi and the Bi-tellurides, the
gold-bearing minerals form drop-like inclusions with average size of 20 m. Pure native gold
has Ag-contents below 1.3 wt.% (EDS analyses). In electrum the Au-content is between 65
and 66 wt.% (Table 12.38). Maldonite has a stoichiometric composition with 35 wt.% Au
and 65 wt.% Bi. The identified minerals representative of the Au-Ag-Te system are stuetzite
(Ag5-xTe3) and petzite (AuAg3Te2). In petzite the Au-content reaches 15 wt.% (Table 12.38).
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Figure 6.11 (a-f) High-contrast backscattered electron images showing composite grains of
arsenopyrite and clinosafflorite that enclose a number of minute inclusions of native
bismuth and gold, electrum, maldonite, Bi-tellurides gold-bearing, Ag-Te complexes. These
occur mostly along clinosafflorite grain boundaries, or along fissures and cracks in the
interior of the grains.
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6.4 Paragenetic sequence and temperature estimations
The textural relationships between the minerals in the ore bodies suggest that most of them
have either resulted from, or have been affected by, exsolution during cooling. In such, the
paragenetic sequence of the mineral assemblages at Guelb Moghrein can be divided into
primary, higher temperature mineralogy and lower temperature, exsolution mineralogy. In
Table 6.11, a list of the interpreted paragenetic sequence and estimated formation
temperatures of the ore mineral assemblages is given.
6.4.1 Primary mineralogy
The arsensulfides including arsenopyrite, cobaltite and clinosafflorite have the distinct
appearance of being part of the earliest primary assemblage. These are found either
dispersed or in aggregates of numerous intergrown individuals in the chalcopyrite-pyrrhotite
matrix. They are additionally associated with idiomorphic REE-phosphates (monazite and
xenotime). The grains are mostly idiomorphic and exhibit an undistorted growth zoning
parallel to crystal faces. Arsenopyrite is a well-known geothermometer, and its application
relies on the chemical equilibrium of arsenopyrite internally and also with other phases in
the Fe-As-S system, such as loellingite and pyrrhotite (Kretschmar and Scott 1976; Scott
1983; Sharp et al. 1985). Electron microprobe analyses were applied on rims of five
arsenopyrite samples that occur in contact to clinosafflorite (Co,Ni-loellingite) and
pyrrhotite. The As contents at the rims of the crystals show a range between 34.9 to
36.8 at.% (Table 12.34). The arsenopyrite geothermometry (Kretschman and Scott 1976)
from these compositions indicates minimum temperature of formation at 380 oC with
maximum at 530 oC. Similarly, the FeAsS-NiAsS-CoAsS solvus of Klemm (1965) indicate
minimum temperature of formation of cobaltite and arsenopyrite in the range of 340-
400 oC, respectively. However, both methods of temperature estimation are associated with
large degree of uncertainty. Co and Ni-containing arsenopyrite, such as observed in this
study, has been shown to produce erroneous estimates of temperature (Sundblad et al.
1984; Hem et al. 2004).
The mineralogy of the sulfides is dominated by hexagonal pyrrhotite with subordinate
variable amounts of troilite, and chalcopyrite. These belong also to the primary ore
assemblage; however the overgrowth or replacement of arsenopyrite grains by pyrrhotite
and chalcopyrite infers that sulfide precipitation postdates relatively to that of the
sulfarsenides. The initial temperature of deposition of the primary pyrrhotite and
chalcopyrite and their associated phases is very uncertain. According to Yund & Kullerud
(1966) in the pure Cu-Fe-S system pyrrhotite and chalcopyrite do not form a stable mineral
pair above 334 °C; however in the presence of Ni (such in this case) the stability
temperature arises up to 425 °C. Grønvold and Haraldsen (1952) have demonstrated that
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at temperatures below ca. 300°C the stable phases in the iron-rich part of the FeS–S
system include troilite, intermediate hexagonal pyrrhotite, and monoclinic pyrrhotite. The
limited presence of primary monoclinic pyrrhotite at the Guelb Moghrein deposit could
indicate formation temperatures in excess of about 254°C, which is the upper stability limit
of monoclinic pyrrhotite (Kissin and Scott 1982) although the presence of small quantities of
oxygen increases the stability of monoclinic pyrrhotite up to about 310°C (Kullerud 1986;
Kontny et al. 2000). In addition, monoclinic pyrrhotite could probably have been formed by
sulfurization or oxidation of hexagonal pyrrhotite at lower temperatures (Kissin and Scott
1982).
6.4.2 Exsolution mineralogy
Troilite together with pentlandite that exsolved along grain boundaries and fissures in
pyrrhotite make up the sulfide assemblage that was formed under low temperature re-
equilibrium conditions in pyrrhotite. Troilite lamellae hosted by hexagonal pyrrhotite at the
Guelb Moghrein deposit have an almost stoichiometric composition (49.5-49.9 at.% Fe).
Troilite, whose name applies only to the polymorph of stoichiometric FeS, is stable below
140°C (Gronvold and Haraldsen 1952; Yund and Hall 1969). According to Kissin and Scott
(1982) high temperature hexagonal pyrrhotite itself undergoes structural changes below
300°C with the development of superstructures and the formation of monoclinic pyrrhotite
and, at 142°C, the exsolution of troilite from hexagonal pyrrhotite of S-poor composition.
Durazzo and Taylor (1982) showed experimentally in the Fe-Ni-S system that flame-like
pentlandite can exsolve from pyrrhotite at temperatures below 250 oC. Additional to this,
Naldrett et al. (1967) has described similar pyrrhotite-pentlandite associations suggesting
that the appearance of pentlandite in sulfur-rich ores is the result of low temperature
exsolution below 200°C.
Cubanite (tetragonal) and mackinawite form abundant exsolution lamellae in
chalcopyrite. In the Fe-Cu-S system, the development of tetragonal cubanite lamellae in
chalcopyrite is indicative of low temperature of formation (below 252 °C) as in higher
temperatures cubanite is isometric (Yund and Kullerud 1966). The formation of mackinawite
largely by replacement of chalcopyrite and cubanite, apparently postdated the development
of cubanite. Generally, mackinawite is found in association either with troilite or with low-
temperature pyrrhotites (Evans et al. 1964; Kullerud 1986). Benning et al. (1999) showed
experimentally that mackinawite cannot persist structural transformation above 187 °C.
Minute inclusions of native bismuth and gold, maldonite, Bi-tellurides and gold-bearing,
Ag-Te complexes occur inside or along the edges of the arsensulfides. These textures
indicate that the Bi-Au-Ag-Te minerals were either exsolved from arsenopyrite or that they
were co-precipitated. Traditionally the presence of native Bi has been considered as
indication of temperatures at or below the melting point of Bi (271°C; Douglas et al. 2000).
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Table 6.1 Table of the primary, higher temperature assemblage and the exsolution, lower
temperature assemblage of the Guelb Moghrein ore mineralization, together with the
estimated temperatures.
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Co-crystallization with the sulfide assemblages.
Clinosafflorite
+
Arsenopyrite
+
Cobaltite
Prior- to co-crystallization with sulfide minerals.
Idiomorphic crystals with concentric growth zoning
parallel to crystal faces. Temperature estimated at
340-400 oC and >380 oC (this study)
Chalcopyrite
+
Pyrrhotite
Massive aggregates that make up the matrix for all
other ore minerals.
<425 oC (Yund & Kullerud, 1966)
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Cubanite
E
x
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n
Coarse exsolution lamellae in chalcopyrite
<252 oC (Yund & Kullerud 1966)
Mackinawite
Exsolution lamellae in cubanite
<137-187 oC (Benning et al. 1999)
Pentlandite
Flame, bleb- or grainy-like types in hex. pyrrhotite
<250oC (Naldrett et al. 1967; Durazzo & Taylor 1982)
Nickeline
Flame-like occurrences along grain boundaries in
arsenopyrite
Troilite
Fine exsolution lamellae in hexagonal pyrrhotite
<142 oC (Gronvold and Haraldsen 1952; Yund and Hall
1969; Kissin and Scott 1982)
Maldonite
Minute inclusions, droplets
116–373 °C (Okamoto & Massalski 1983)
Native Bi
Minute inclusions in clinosafflorite
271 °C (Douglas et al. 2000)
Hedleyite
Minute inclusions in clinosafflorite
312–266 °C (Elliott 1965)
Native Au, petzite
pilsenite, stuetzite
Minute inclusions in clinosafflorite
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This is in agreement by the maldonite inclusions found, as maldonite is stable only in the
temperature interval 116–373 °C (Okamoto and Massalski 1983; Afifi et al. 1988). In
addition, Bi-tellurides themselves or associations of them offer few temperature constraints.
The melting point of pure hedleyite is at 312 °C whereas the association of hedleyite with
native bismuth form a melt eutectic at 266 °C (Elliott 1965). However, some studies
indicate that native Bi, maldonite and Bi-Au-Ag-tellurides, could have separated from the
fluid at higher temperatures, forming melt droplets in the fluid (Sheppard et al. 1995;
Tomkins and Maurogenes 2001; Ciobanu and Cook 2003).
6.5 Summary
The principal sulfide minerals include chalcopyrite, hexagonal, and lesser monoclinic
pyrrhotite, troilite, pentlandite, cubanite and mackinawite. The sulfide mineral assemblages
host all other arsensulfide and arsenide phases which include arsenopyrite, cobaltite,
clinosafflorite, and subordinate nickeline. Magnetite is constantly present within the sulfide
matrix; however in massive ore is a minor component. The principal metal, gold, is found
either in native form, in solid solution with silver (electrum) or bismuth (maldonite), or in a
complex association with silver, bismuth and tellurium (Bi-Au-Ag-tellurides). These form
irregular, bleb- and drop-like inclusions commonly occupying the boundaries between
clinosafflorite and arsenopyrite or riddle the interior of clinosafflorite.
From textural features and comparisons with published phase equilibria data, it is
shown that the sulfides are characterized by a primary, higher temperature assemblage and
a lower subsolidus, exsolution assemblage. The primary ore mineralogy includes a relative
early precipitation of the arsenopyrite, cobaltite and clinosafflorite followed by pyrrhotite
chalcopyrite and magnetite. Arsenopyrite geothermometry indicates formation temperature
of the primary mineralization above 380 oC but under 425 oC, which is in agreement to the
calculated temperature of the retrograde metamorphism of 410 ±30 oC (Section 3.10). The
textures of troilite, pentlandite, cubanite, mackinawite and nickeline, as well as, the Bi-Au-
Ag-Te mineral associations, suggest that these have resulted from exsolution during
cooling. Most of these indicate exsolution temperature under 250 oC.
The variation of Fe, Co and Ni in arsenopyrite, cobaltite and clinosafflorite describe
linear trends in which Fe replaces a mixture of Co and Ni relative to a increasing S/As ratio.
This indicates that the ore initially formed under low fugacities of sulfur.
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7 GEOCHEMISTRY
The alteration zones defined petrologically in the metacarbonate body and in the Akjoujt
Metabasalt unit at Guelb Moghrein (Chapter 5) have been analyzed for major, trace and
rare earth element compositions. A total number of 23 samples from the main ore breccia in
the metacarbonate and from the biotite-chlorite-grunerite-calcite alteration zone in the
Akjoujt Metabasalt unit were analyzed in order to determine and quantify the geochemical
changes that occurred during hydrothermal alteration and mineralization, in comparison to
their immediate unaltered rocks. The main analytical work is based on core from one drill
hole (RCGM88) that intersect both the hanging wall and footwall units as well as the
metacarbonate and the ore-breccia zones in their entire extent (Figure 7.1). It was
therefore selected to provide a descriptive geochemical profile for the deposit.
Figure 7.1 Schematic geologic log and selected major element geochemical data of the
RCGM88 drill core, which intersect the hanging wall and footwall lithologies of the Guelb
Moghrein deposit as well as the host metacarbonate and the ore-breccia zones. Some of the
major element data i.e. K2O, and Fe2O3 show systematic increase correlated with proximity
to the ore bodies.
GEOCHEMISTRY
84
7.1 Geochemistry of the ore breccia
A number of 7 samples from the mineralized breccias zones in the metacarbonate were
analyzed for major, and a suite of trace elements. These were selected to be representative
of the variably altered and mineralized specimens. The dominant mineral components in the
rock are siderite, Fe-Mg clinoamphiboles, magnetite and sulfides whose modal proportions
control the bulk geochemistry of the samples. Fe2O3 and MgO show the highest
concentrations that range between 33.8-64.7 wt.% and 4.9-16.4 wt.%, respectively (Table
12.46). In contrast, MnO and CaO amounts are low averaging at 0.7 wt.% and 1.9 wt.%,
respectively. TiO2 is generally absent; Al2O3 concentrations are very low (avg. 0.9 wt.%),
and total alkali (Na2O+K2O) amounts are consistently below 1 wt.% except one sample that
shows elevated alkali content up to 3.3 wt.%. The SiO2 content, most of which is
incorporated in the Fe-Mg clinoamphiboles, varies between 0.4 wt.% in massive sulfide
zones up to 11.5 wt.% in more distal parts.
In respect to least altered metacarbonate, the breccia zones show enrichment in Sr
(40-121 ppm), Ba (139-414 ppm), and La (251-381 ppm). Among the transition elements,
V and Cr amounts are similar to that in non-mineralized metacarbonate with averages at
161 ppm and 55 ppm, respectively, whereas Ni, Co, As, and Cu are correlatively highly
enriched with values commonly >1500 ppm (upper detection limit of XRF) reflecting the
high modal proportion of copper-sulfides and Co,Ni-arsensulfides in the rock (Table 12.46).
S content reaches up to 6 wt.% in massive ore, whereas the total amount of metals makes
up more than 20 wt.% of the composition of the breccia.
Four specimens comprising of massive, both barren and mineralized, Fe-Mg
clinoamphibole zones from the matrix of the breccia have been analyzed for major, trace
and rare earth elements. Siderite in these zones is absent and the geochemistry reflects in
addition to magnetite and sulfides, the chemistry of the Fe-Mg clinoamphibole. Thus, they
are typified by high Fe2O3 (avg. 32.3 wt.%), MgO (avg. 15.1 wt.%), and SiO2 (avg.
50.1 wt.%) contents (Table 12.44). Mineralized samples are characterized by very high Au,
Cu, Co, Ni, As, REE, Th, U, and S concentrations. In particular, one sample contains up to
247 ppb Au, whereas Cu, Co, As amounts exceed 1500 ppm, which is the upper detection
limit of the XRF technique. The rock is typified by very low to negative Loss On Ignition
values (LOI) which range between -0.3 and 1.4 wt.%, due to the low water contents and
the high values of gain on ignition from the oxidation of Fe+2 to Fe+3 in Fe-Mg
clinoamphiboles and magnetite.
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7.2 Geochemistry of the biotite-chlorite-grunerite-calcite alteration zone
7.2.1 Rock geochemistry
The bulk-rock geochemistry of the biotite-chlorite-grunerite-calcite alteration zone is
characterized by wide variations in the major element composition among the various
samples. This reflects the substantial variations in the relative proportions of the alteration
minerals; thus, alteration intensity. The SiO2 content varies between 35.4 in phyllosilicate-
rich samples and 65.6 wt.% in quartz-rich samples, Al2O3 from 5.6 to 18.7 wt.% and TiO2
from 0.5 to 1.9 wt.% (n=12; Table 12.43). Fe2O3 amounts are high (up to 31.2 wt.%)
reflecting the iron-rich signature of the dominant mineral phases; i.e. biotite, chlorite and
grunerite. The CaO contents vary widely from 0.2 to 8.3 wt.% in respect to calcite
proportion in the rock, Na2O ranges from 0.21 to 3.6 wt.%, and K2O from 0.1 to 2.2 wt.%
reflecting the albite and biotite abundances, respectively. Loss On Ignition (LOI) values vary
widely from -0.5 wt.% in grunerite dominated samples, up to 8.1 wt.% in biotite-chlorite
dominated samples.
The biotite-chlorite-grunerite-calcite alteration zone is typified by local, however, high
enrichment in metals including Cu, As, and Au. These show the maximum values in samples
proximal to the ore bodies. Cu and As amounts vary between 2-1692 ppm and 3-239 ppm,
respectively, whereas one sample shows Au content up to 56 ppb. From the transition
metals, V averages at 284 ppm, and high concentrations show locally Ni (10-95 ppm) and
Co (29-172 ppm). The contents of the Sr and Rb (LILE) average at 24 ppm and 39 ppm,
respectively, whereas Ba amounts vary widely between 5 and 500 ppm. The averages of Zr,
Nb, Th, Y, and Ta (HFSE) are 140 ppm, 9 ppm, 7 ppm, 37 ppm, and 0.7 ppm, respectively
(Table 12.41). In addition, the biotite-chlorite-grunerite-calcite alteration zone exhibits very
high total REE contents that range from 92.6 up to 543 ppm.
7.2.2 Alteration trends in the Akjoujt Metabasalt unit
The petrological variations from massive amphibolite through the biotite-actinolite schist to
the biotite-chlorite-grunerite-calcite alteration zone in the Akjoujt Metabasalt unit can be
correlated to the geochemical changes. These include changes in the major and trace
element geochemistry in the rock as well as in the mineral chemistry.
7.2.2.1 Major element geochemistry (Alteration Box Plot)
The most prominent geochemical characteristics of the biotite-chlorite-grunerite-calcite
alteration zone include substantial enrichment in K, Fe, and Mg, local enrichment in Cu, As,
Ni, Co, REE and Au, and depletion in Na and Sr relative to least altered rocks (amphibolite,
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biotite-actinolite schist). Mineralogically, this geochemical variation reflects the development
of iron-rich biotite, chlorite, grunerite and locally sulfides in excess of plagioclase (albite)
and amphibole. The geochemical trend in respect to the major element geochemistry from
least altered amphibolite through the biotite-actinolite schist to the biotite-chlorite-
grunerite-calcite alteration zone proximal to the ore bodies can be shown in a multi-element
ratio plot (Alteration Box Plot; after Large et al. 2001). The Alteration Box Plot is a graphical
representation that uses two alteration indices: The Ishikawa alteration index (AI) against
the chlorite-carbonate-pyrite index (CCPI):
AI = (K2O+MgO)/(K2O+MgO+Na2O+CaO) x100
CCPI = (FeO+MgO)/(K2O+MgO+Na2O+FeO) x100.
The alteration index (AI) reflects gain of K2O, and Na2O and/or CaO loss; the chlorite-
carbonate-pyrite index (CCPI) measures gain of FeO and MgO and total alkali depletion. In
hydrothermally altered volcanic rocks (i.e. in VHMS deposits), the AI value increases as a
result of plagioclase breakdown and biotite (or sericite) development. The CCPI measures
total alkali depletion associated with Fe-Mg chlorite, magnetite and sulfide enrichment
(Large et al. 2001). In Figure 7.2 is presented the alteration trend in the Akjoujt Metabasalt
unit toward the metacarbonate.
Figure
Figure 7.2 Alteration Box Plot after Large et al. (2001) showing the geochemical trend in
the Akjoujt Metabasalt unit, from least altered amphibolite through biotite-actinolite schist
to the biotite-chlorite-grunerite-calcite alteration zone. The arrow marks the progressive
alteration trend toward the ore bodies.
GEOCHEMISTRY
87
The least altered amphibolites plot within a field defined by the AI = 20 to 35, and the CCPI
= 54 to 92, in the upper-central part of the diagram. In the D2 shear zone, the biotite-
actinolite schist and the biotite-chlorite-grunerite-calcite samples show a progressive
increase in the AI and CCPI, forming a trend toward the chlorite/grunerite corner of the box
plot. The biotite-actinolite schist samples trend toward the biotite and actinolite composition
clustering between the AI = 32 to 43, and the CCPI = 74 and 85. The highly altered
samples of the biotite-chlorite-grunerite-calcite alteration zone plot along the upper
boundary of the diagram reflecting higher AI (41-95) and CCPI (69-99) values
corresponding to the dominance of biotite, chlorite, and grunerite, and locally of magnetite
and sulfides.
7.2.2.2 Trace and rare earth element geochemistry
Although the biotite-chlorite-grunerite-calcite alteration zone in the Akjoujt Metabasalt unit
records a high degree of major element variation relative to least altered rocks, the
contents of alteration-resistant trace elements (Nb, Zr, Y, Ti, Ta, Nd) show coherent
concentration patterns except mobile elements such as the LILE elements K, Sr, Rb, and Ba.
Similarly to the least altered rocks of the Akjoujt Metabasalt unit, the most distinctive
feature in selected MORB-normalized multi-element diagrams is the high Th and Ce
enrichment up to 60 and 22 times MORB, respectively (Figure 7.3a). In addition, Rb shows
also a high enrichment up to 21 being in good correlation to the K2O and Cu enrichment
indicating the evolved hydrothermal signature. In contrast, Sr is remarkably depleted up to
50 times relative to MORB, showing high mobility; it is positively correlated with Na
depletion and is associated with plagioclase breakdown.
Figure 7.3 (a) MORB normalized spider diagram (values after Pearce 1982 and 1983), and
(b) chondrite (C1) normalized REE plot (values after Sun and McDonough 1989) for the
biotite-chlorite-grunerite-calcite alteration zone (n=8).
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The chondrite (C1) normalized REE patterns show similar trends with that of the least
altered amphibolite (Figure 7.3b). These are characterized by LREE enrichment (La/YbCN =
4.7-27.6) and limited Eu anomalies (Eu/Eu*=0.62-1.24). The consistent patterns of the REE
indicate that in general the samples still may preserve the bulk of their original rare earth-
element composition; although some samples with high metal contents (Cu, Co, Ni, and
Au), are conspicuous for high REE enrichment (i.e. sample 8834; LaCN contents up to 514;
Figure 7.3b).
7.2.2.3 Mineral chemistry
Chlorite and biotite grains from individual samples from the biotite-chlorite-grunerite-calcite
alteration zone are compositionally homogenous on thin section scale (Table 12.17 and
12.20). However, the relative Fe/Mg proportion in the composition of the minerals is highly
correlated with proximity of the sample to the ore zones. Samples with abundant grunerite-
sulfide veinlets proximal to the ore bodies in the metacarbonate, have biotite and chlorite
that show the highest proportion of Fe relative to Mg (Figure 7.4). In Figure 7.4 are
illustrated the trends in variation of the Fe and Mg cations (p.f.u. per formula unit) in biotite
and chlorite, respectively.
Figure 7.4 Compositional ranges of biotite (n=52) and chlorite (n=68) in samples from the
biotite-chlorite-grunerite-calcite alteration zone. A linear relationship exists among the
contents of Mg and Fe cations in both biotite and chlorite. Approaching mineralized zones
the relative proportions of Fe/Mg for both biotite and chlorite change in the same way
reaching the minimum Mg p.f.u. near the ore bodies.
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7.3 Summary
In respect to least altered metacarbonate, the breccia zones show enrichment in a broad
suite of elements reflected by the high proportion of the arsenide-sulfide-gold phases in the
breccia matrix. the high Fe2O3 content (up to 65 wt.%) and the silica enrichment in the rock
corresponds mineralogically to the development of Fe-Mg clinoamphiboles, magnetite and
siderite in the breccias matrix. Pure Fe-Mg clinoamphibole zones from the matrix of the
breccia are characterized by very high Au (up to 247 ppb), Cu, Co, Ni, As, Bi and REE
concentrations representing the influx of these elements in the metacarbonate during the
hydrothermal alteration. In massive ore zones the total amount of Cu, Au, Co, Ni, As, and S
can exceed 20 wt.% of the rock composition.
The biotite-chlorite-grunerite-calcite alteration zone in the Akjoujt Metabasalt unit
reflects a progressive increase of hydrothermal alteration toward the ore bodies in the
metacarbonate. Several geochemical features show systematic variations with increasing
proximity to the ore bodies. The most prominent bulk-rock geochemical characteristic is the
progressive enrichment of Fe, K, Cu, As, Ni, Co, REE, Th and Au, and depletion of Na and Sr
relative to least altered rocks (amphibolite, biotite-actinolite schist). Mineralogically, this
geochemical variation reflects the development of iron-rich biotite, chlorite, grunerite and
locally sulfides in excess of plagioclase (albite) and amphibole. The relative Fe/Mg
proportion in the composition of the phyllosilicate minerals from the biotite-chlorite-
grunerite-calcite alteration zone is highly correlated with proximity of the sample to the ore
zones. Approaching mineralized zones the relative proportions of Fe/Mg for both biotite and
chlorite change in the same way reaching the maximum near sulfide zones.
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8 STABLE ISOTOPE GEOCHEMISTRY
The source of hydrothermal fluids in iron oxide-copper-gold deposits is contentious with
magmatic and other fluid sources having been proposed (i.e. evaporitic, meteoric etc.). For
this study 18O, 13C and D and 34S ratios were measured from silicate, carbonate, iron
oxide and sulfide mineral separates that belong to the host rock and the ore-bearing,
hydrothermal assemblage of the Guelb Moghrein deposit. The isotope analyses are
supported by petrography and mineral chemistry of the paragenetic assemblages. The
results were used to constrain the a) source of sulfur and metals, b) source of water of the
hydrothermal fluid(s), c) temperature of mineral deposition, and d) origin of the host
metacarbonate and graphite.
All isotope analyses were performed on pure, handpicked samples except sulfur
analyses, which were performed on micro-drilled thick sections. Oxygen and hydrogen
isotope ratios are reported relative to V-SMOW (Vienna Standard Mean Ocean Water),
carbon isotope ratios relative to PDB (Peedee Belemnite), and sulfur isotope ratios relative
to VCD (Vienna Canyon Diablo). The difference in the absolute isotopic ratios (notation) is
expressed in parts per mil (‰).
8.1 Sulfur isotopy
Sulfur isotope studies were undertaken to investigate the source of sulfur and consequently
metals occurring in the sulfide mineralization of the Guelb Moghrein deposit. Three sulfide-
rich samples were selected from drill core (RCGM 80) that truncates massive ore bodies at a
depth between 115 and 125 m. The analyzed sulfide grains have an average size of 4 mm
and are free of mineral inclusions, allowing for micro-drilling of pure mineral samples.
Chalcopyrite, pyrrhotite and cobaltite grains were analyzed using a Combustion-isotope-
ratio Mass Spectrometer (C-irMS), following the procedure of Böttcher et al. (1997; Section
12.6.1). The sulfur isotopic ratios obtained from the sulfides are listed in Table 8.1.
Table 8.1 Sulfur isotope analyses of
chalcopyrite, pyrrhotite and cobaltite
from the main ore bodies of the Guelb
Moghrein deposit. Analyses have been
normalized against the Vienna Canyon
Diablo (VCD) using the  notation in
parts per mil (‰).
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The 34S values show a very narrow spread, varying only slightly around zero; chalcopyrite
has a 34S of 0.1 to 1.1 ‰, pyrrhotite -0.5 to 0.4 ‰ and cobaltite -0.2 ‰ VCD. The tight
grouping of the 34S values obtained in this study indicates a uniform source of sulfur and
consequently of copper, gold and cobalt for chalcopyrite, pyrrhotite and cobaltite. The
clustering of the 34S values around zero corresponds to the published values of
magmatic/hydrothermal origin of sulfur (Rollinson 1994). Intrusions with mantle-derived
sulfur typically have isotopic compositions near zero and associated ore deposits (i.e. IOCG,
porphyry type or epithermal) commonly contain sulfur with isotopic values centered at 0 ±4
per mil VCD (Ohmoto and Rey 1979; Rollinson 1994).
8.2 Isotopic composition of siderite and graphite
Oxygen and carbon isotope determinations on least altered siderite (Sd1) and recrystallized
siderite (Sd2/3) from the retrograde, hydrothermal breccia in the metacarbonate have been
used to constrain the origin of the metacarbonate as well as isotopic changes during
deformation and hydrothermal alteration. In addition, the carbon isotope signature of
graphite is indicative of its depositional process (biogenic-abiogenic). The carbonate
samples originate from one representative drill core (RCGM 97) that truncates both
mineralized and barren metacarbonate at depths between 77 and 115 m. A massive
graphite occurrence associated with magnetite, sulfides and retrograde siderite at a depth
of 129 m has been selected for carbon isotopic analysis. The oxygen and carbon isotope
analyses were made on pure separates using the Conventional method and Laser Line
method following standard techniques (McCrae 1950; Craig 1957; Clayton and Mayeda
1963; Rumble and Hoering 1994; Section n 12.6.2-3). The oxygen and carbon isotope
compositions of the individual siderite types and graphite are summarized and listed in
Table 8.2.
8.2.1 Oxygen and carbon isotopy of siderite
The isotopic ratios between the individual siderite types are quite similar, however
distinctive. The 18O values of least altered siderite (Sd1) from the metacarbonate vary
between 8.9 and 10.9 ‰ V-SMOW, whereas the 13C composition is very light ranging from
-16.6 ‰ to -18.0 ‰ PDB. Recrystallized siderite (Sd2/3) from the breccia zones has a
slightly enriched oxygen isotopic signature relative to least altered samples with 18O values
of 12.4-12.9 ‰ V-SMOW. The 13C data oscillate within a very narrow range, averaging at
-18.5 ‰ PDB, being slightly depleted relative to those of least altered siderite.
The 18O values of the least altered siderite reported in V-SMOW were converted to PDB
using the relation (after Friedman and O’Neil 1977): PDB = 0.97006*SMOW -29.94;
giving 18O values between -19.3 and -21.3‰ PDB. The strongly negative carbon isotope
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compositions in metacarbonate indicate organic contribution at the site of deposition.
According to Mozley and Wersin (1992), siderites with oxygen and carbon values lower than
-8 ‰ PDB are most likely of marine origin, whereas the majority of continental siderites
have positive 13C values. The extreme light 18O values (in PDB) observed, can be
interpreted to occur through mixing of the early pore waters with meteoric water or water-
rock interaction (Mozley and Wersin 1992). The 18O and 13C values obtained from the
siderite are within the range shown by other metacarbonates and graphitic metasediments
of marine origin (e.g. Marshall et al. 2006).
The isotope composition of recrystallized siderite (Sd2/3) from the retrograde breccia is
quite similar to that of least altered siderite (Sd1), which indicates that siderite during
brecciation has maintained its primary isotopic composition. However, recrystallized siderite
from the breccia record slightly depleted 13C values and enriched 18O values relative to
least altered and undeformed siderite. The depletion in the 13C values may be attributed to
decarbonation during retrograde metamorphism at upper greenschist facies, whereas the
higher 18O values probably reflect partial equilibration between the metacarbonate and the
isotopically distinct hydrothermal fluids (Sharp et al. 2003).
Table 8.2 Oxygen and carbon isotope analyses of undeformed siderite (Sd1) and,
recrystallized siderite (Sd2/3) and graphite from the alteration zones of the Guelb Moghrein
deposit. Oxygen isotopic values are reported relative to Vienna Standard Mean Ocean Water
(V-SMOW) and carbon isotopic values relative to Peedee Belemnite (PDB), in parts per mil
(‰).
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8.2.2 Carbon isotopy of graphite
The carbon isotope composition of graphite obtained from one sample is very light with 13C
values at -27.3 ‰ PDB. Such extreme negative values are usually interpreted to be of
biologic activity. However, micropetrographic studies reveal that the graphite in
metacarbonate occurs closely associated with Fe-Mg clinoamphibole, magnetite, and
sulfides (see Section 5). This association suggests that graphite and magnetite are the
products of thermal disportionation of metacarbonate. Iron is present in reduced form
(Fe+2) in siderite, and is oxidized to form magnetite, whereas the carbonate ion is reduced
to graphite. Similar siderite dissociation reactions with the presence of hydrothermal silica
yield additionally grunerite (see Section 5). Thermal disportionation of pure siderite occurs
above 450 oC in the reaction (French and Rosenberg 1965; French 1971; Gotor et al. 2000;
Van Zuilen et al. 2003; Sharp et al. 2003; Koziol 2004):
6FeCO3  2Fe3O4 + 5CO2 + C
Most of the graphite and the associated siderite (Sd2/3) in metacarbonate display a carbon
isotopic difference (Dgraphite-siderite) close to -9, in accord with the calculated equilibrium
fractionation between the two phases at around 430 oC (fractionation factor after Cole et al.
2004; and assuming that Dgraphite-siderite to be equal to Dgraphite-calcite). This matches well with
the estimated temperature range (400-450 oC) of the retrograde metamorphism that these
rocks have experienced. Therefore, graphite is interpreted to have obtained the extreme
negative 13C signature owing to equilibrium isotope fractionation during thermal
dissociation of siderite.
8.3 Isotopic composition of silicate minerals and magnetite
Oxygen and hydrogen isotope values for the hydrothermal fluid(s) must be inferred from
measurements made on ore-related alteration phases. The most common alteration phases
at the Guelb Moghrein deposit are magnetite, grunerite and chlorite. These minerals occur
in the breccia matrix in paragenesis with recrystallized siderite (Sd2/3), graphite and the
sulfide-gold minerals. Pure separates of grunerite and chlorite obtained by hand-picking,
have been analyzed for oxygen and hydrogen isotopic values, and magnetite for oxygen,
respectively. The oxygen isotope analyses were made using the Laser Line method following
Rumble and Hoering (1994; Section 12.6.2), and for the hydrogen isotopes a Thermo-
Chemical Elemental Analyzer following the method of Sharp et al. (2001; Section 12.6.2).
The oxygen and hydrogen isotopic data obtained from chlorite, grunerite and magnetite, are
listed in Table 8.3.
Magnetite exhibits a relative constant oxygen isotope signature with 18O varying
slightly between 2.0 and 2.9 ‰ V-SMOW. The isotopic ratios for grunerite range for 18O
from 8.3 to 10.1 ‰, and for D from –62 to –70 ‰ V-SMOW, respectively. In addition, the
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isotopic ratios obtained from two chlorite separates range for 18O from 8.3 to 10.1 ‰, and
for D from –49 to -54 ‰ V-SMOW, respectively (Table 8.3).
Table 8.3 Oxygen and hydrogen
isotope analyses of chlorite,
grunerite and magnetite from the
alteration zones of the Guelb
Moghrein deposit, reported relative
to Vienna Standard Mean Ocean
Water (V-SMOW), in parts per mil
(‰).
8.4 Fluid isotope composition
Water (H2O) is the dominant constituent of ore-forming fluids and its ultimate source can be
deciphered by studying the oxygen and hydrogen stable isotope signature of the fluids that
formed the given mineral deposit. The isotopy of the hydrothermal fluid is dependent on the
composition of the host rock, precipitation temperature, initial isotopy of the fluid, and
extends of the fluid-rock interaction (Taylor 1974). There are two ways of determining the
isotopy of the hydrothermal fluid; either by direct analyses of the fluid by decrepitating fluid
inclusions, or calculation from the isotopic analyses of coexisting hydrothermal minerals in
conjunction with the precipitation temperature (Taylor 1974; Ridley and Diamond 2000).
For the application of fluid inclusion decrepitation a suitable host mineral is necessary, one
with which an oxygen isotope exchange cannot take place (e.g. fluorite). A suitable host
mineral for the decrepitation of the fluid inclusions is not available; therefore the second
method has been applied.
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8.4.1 Methodic of calculation of isotope composition of fluid from mineral
compositions
To calculate the isotopic composition of the fluid in equilibrium with a mineral it is necessary
to know: (a) the mineral-water fractionation factor (103ln) and (b) the 18O and D of a
mineral. The fractionation factors between mineral and water are unique to each mineral
and also to the isotope of interest, which in this case are oxygen and hydrogen. The
fractionation factors are temperature dependant and can be calculated using the following
equation (Campbell and Larsen 1998):
The 103ln is the mineral-water fractionation factor, D, E and F are constants and T
represents the temperature (in Kelvin). There are experimental calibrations that allow the
constants for the fractionation of each isotope between minerals and water to be specified.
The calibrations are made for different temperature ranges and different systems; therefore
care should be taken when choosing a suitable fractionation factor. The fractionation factor
is related to the fluid isotopy through the equation (Campbell and Larson 1998):
The calculation of the isotopic composition of the fluid requires the knowledge of the
temperature of equilibration. The estimated temperature for the hydrothermal
mineralization at the Guelb Moghrein deposit during grunerite-magnetite-sulfide-gold
precipitation, based on petrologic assemblages and other petrologic geothermometers range
between 400 and 450 oC; these temperatures are used for the calculations of the fluid
isotopic composition.
8.4.2 Oxygen and hydrogen isotope composition of hydrothermal fluid
The oxygen isotope composition of the fluid in equilibrium with grunerite was calculated by
applying the grunerite-water fractionation factor of Zheng (1993). The calculated 18O
values of H2O in the fluid vary between +9.3 and +11.4 ‰. The 18O values of H2O of the
fluid in equilibrium with chlorite were calculated from the equation of Savin and Lee (1988).
The obtained values for 18Ofluid are in the range of +9.3 to +10.8 ‰ and are similar to
those presented by the fluid in equilibrium with grunerite. In addition, the obtained values
for 18Ofluid from the application of the magnetite–water fractionation factor (after Cole et al.
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2004) are identical ranging from +10.1 to +11.2 ‰. This supports the described
petrographic equilibrium for the grunerite-chlorite-magnetite assemblage. These calculated
18Ofluid equilibrium values are compatible with both magmatic and metamorphic sources
(Taylor 1974; Rollinson 1996; Campbell and Larson 1998). The 18Ofluid values are typical for
the majority of IOCG fluids, which range between +5 and +12 ‰ (cf. Baker and Laing
1998; Oliver et al. 2004).
The hydrogen isotope composition of the fluid is taken from the measured Dfluid value of
grunerite and chlorite. The Dfluid values were calculated from chlorite by applying the
equation of Satake and Matsuo (1984) and range between -25.4 and -31.8 ‰. The
application of hornblende-water fractionation factor (Suzuoki and Epstein 1976) for
grunerite revealed Dfluid values from -17.2 and -32.9 ‰. The obtained values from the two
minerals are quite similar reinforcing a common origin of the described mineralogy. The
calculated Dfluid values are typical of that of metamorphic waters, which according to Taylor
(1974) appear to have a restricted range of D between -20 and -65 ‰.
Figure 8.1 18Ofluid and Dfluid compositions of the hydrothermal fluid responsible for the ore
mineralization at Guelb Moghrein, calculated from mineral-water fractionation factors,
compared to fluids of different origin: Meteoric (Epstein 1970); Primary magmatic and
metamorphic (300-600 oC; Taylor 1974). Oxygen and hydrogen isotope values are reported
relative to Vienna Standard Mean Ocean Water (V-SMOW), in parts per mil (‰).
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The calculated fluid isotopic compositions are plotted on a 18O vs. D diagram in which
possible fluid reservoirs such as metamorphic fluids, magmatic fluids, and meteoric water
are represented (fields defined by Epstein 1970 and Taylor 1974; Figure 8.1). The combined
oxygen and hydrogen isotope composition of the fluid plots in the field of the metamorphic
waters. The narrow range of the 18O vs. D values reflects the lack of mixing with surface-
derived fluids (Epstein 1970; Ridley and Diamond 2000).
8.5 Summary
Least altered siderite (Sd1) from the metacarbonate of the Guelb Moghrein deposit records
isotopic ratios of average 9.5 ‰ 18O (V-SMOW), and -17.4 ‰ 13C (PDB). These values
are within the range of marine siderite and are in agreement with the petrographic and
chemical signature of the metacarbonate (Mozley and Wersin 1992). The isotope
composition of recrystallized siderite (Sd2/3) from the retrograde breccias is quite similar to
that of least altered siderite however distinctive, characterized by slight depletion of 13C
values and enrichment of 18O values (average at 11.5 ‰ 18O and -18.5 ‰ 13C). This
behavior of the isotopic signature of siderite during retrograde metamorphism may be
attributed to partial decarbonation of siderite and subsequent equilibration with the
hydrothermal fluids. The occurrence of graphite with recrystallized siderite and magnetite,
and its very light isotopic composition (13C at -27.3 ‰ PDB) are all consistent with an
abiogenic origin of graphite by carbonate reduction of siderite (Sharp et al 2003). Isotope
equilibrium fractionation between siderite and graphite shows that carbonate reduction from
thermal disportionation of siderite occurred at temperatures ca. 430 oC, during brecciation
and retrograde metamorphism.
The 34S isotopic signatures of pyrrhotite, chalcopyrite and cobaltite from the main ore
zones are nearly identical, centered round zero (0 1 ‰ VCD), implying a uniform,
magmatic/hydrothermal source of sulfur and consequently metals (including copper, gold
and cobalt).
The isotope composition of the hydrothermal fluid responsible for the mineralization at
the Guelb Moghrein was calculated from the measured 18O and D values of grunerite,
chlorite and magnetite from the breccia zones, for the temperature range of 400 to 450 °C,
and using the appropriate water-mineral equilibrium fractionation factors. The calculated
18Ofluid values obtained from all three minerals show a very narrow spread, and Dfluid
values of the fluid range from -10 to +10‰ V-SMOW. These values are consistent with a
single fluid of metamorphic origin (300-600 oC; Taylor 1974).
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9 U-Pb GEOCHRONOLOGY
Hydrothermal monazite and xenotime are documented as part of the primary ore mineral
assemblage at the Guelb Moghrein deposit, intimately intergrown with the arsenide-sulfide-
gold assemblages in the breccia zones. These minerals are commonly considered reliable
geochronometers for U-Pb dating of many geological processes including ore formation (e.g.
Vielreicher et al. 2003; Schandl and Gorton 2004). Samples with abundant monazite and
xenotime grains were collected from drill cores that intersect the mineralized breccia zones
in the host metacarbonate body. A combination of detailed petrographic and microstructural
analysis with the technique of in situ Laser Ablation-Inductively Coupled-Mass Spectrometry
(LA-ICP-MS) U-Pb dating of hydrothermal monazite and xenotime was applied in this study
in order to place absolute age constraints on the timing of the various processes associated
with the ore genesis at the Guelb Moghrein deposit.
9.1 Monazite and xenotime types
Three hand-specimens with abundant monazite and xenotime grains were selected from two
drill cores (RCGM 88 and 93) that transect the ore breccia at depth ca. 98 and 127 meters,
respectively. Two generations of hydrothermal monazite and xenotime were identified in the
ore breccia, each type being distinct by crystal morphology, chemistry and U-Pb isotopic
composition. These are referred to as type (I) and type (II) monazite and xenotime,
respectively. A third group of monazite (III) was defined on ground of distinct textural
characteristics and comprises “composite” crystals that are commonly composed of a
monazite (Mnz-I) core with overgrowth of Mnz-II monazite. The typical morphology and
mode of occurrence of the individual types is shown in Figure 9.1.
Monazite and xenotime of type I (Mnz-I, Xn-I) form generally large (200 to 350 m)
idiomorphic porphyroblasts that are primarily enclosed in chalcopyrite and pyrrhotite matrix.
Xn-I is typically associated with Mnz-I either attached to Mnz-I grain boundaries forming
characteristic coarse-grained monazite-xenotime pairs, or as small inclusions (~50 microns)
within Mnz-I grains (Figure 9.1a-c). Mnz-I is on average 3-4 orders of magnitude more
abundant than xenotime Xn-I in the studied ore zones. Mnz-I is present in form of equant to
prismatic crystals with either sub-rounded or embayed grain boundaries. Xn-I tends to form
dipyramidal crystals, particularly when attached to Mnz-I (Figure 9.1a-c). Coexisting Mnz-I
and Xn-I grains appear to be rather optically homogeneous under plane polarized light;
however they frequently show distinct zonation in electron microprobe (EMP) backscattered
electron imaging (BSE) as well as X-ray mapping. The zoning patterns include three broad
types such as concentric, patchy, and intergrowth-like zonation. They are virtually
undistorted with well developed internal crystal faces parallel to grain boundaries and are
interpreted to present primary growth zones (Figure 9.1c).
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Figure 9.1 High-contrast backscattered electron (BSE) images showing (a-b) idiomorphic
type I monazite (Mnz-I) and xenotime I (Xn-I) grains intergrown in chalcopyrite-pyrrhotite
matrix, (c) pair of coarse-grained, euhedral monazite and xenotime porphyroblasts of type
I exhibiting typical growth zonation, (d) xenomorphic type II monazite (Mnz-II)
aggregates associated with Fe–Mg clinoamphibole, (e) weak concentric zonation of Mn-II
clusters, and (f) typical occurrence of composite monazite (Mnz-III) grains intergrown with
Fe-Mg clinoamphiboles.
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In monazite Mnz-I, the growth-zoning pattern is comparable to that in the octaedron crystal
structure. Similarly, in xenotime Xn-I the fine-scale, oscillatory zoning patterns occur as
alternating light gray and dark zones parallel to rational crystal faces. The delicate zoning
patterns for intergrown Mnz-I and Xn-I grains implicate textural equilibrium between the
two phases and suggests coprecipitation with the sulfide matrix.
Monazite and xenotime of type II (Mnz-II, Xn-II) are typically associated with hydrous
gangue minerals and occur typically as clusters interstitial to Fe-Mg clinoamphibole (Figure
9.1d,e). In contrast to xenotime grains of type I, Xn-II appears to be very rare, and only
one small (ca. 30 m) grain could be identified. BSE imaging of Mnz-II shows that these
grains lack the prismatic form, typical of Mnz-I, and are homogeneous or show only a weak
internal concentric zoning (Figure 9.1d,e). BSE imaging on one single Xn II grain revealed a
complex texture with multiple dark and light zones. Composite monazite (Mnz-III) grains
occur always in association with single Mnz-II grains and Fe-Mg clinoamphibole. In some
instances, composite monazite grains preserve partially monoclinic crystal geometry which
is characteristic of Mnz-I (Figure 9.1f). The texture of the Mnz-II and the composite
monazite grains suggest that, primary Mnz-I is replaced by secondary Mnz-II neoblasts and
in places forms “composite” grains with inherited Mnz-I cores and Mnz-II overgrowths.
9.2 Mineral chemistry
A total of 18 LA-ICPMS analyses were performed on Mnz-I grains, 6 on Mnz-II, and 4 on
Xn-I grains. Both monazite types have the nominal composition (LREEPO4) and the mole
fraction of the light rare earth elements (primarily Ce+La+Nd) ranges from 0.81 to 0.93 %
of the total cation proportions (excluding P), with Ce averaging at 0.49 %. In addition, Y
concentration is similar in both types varying between 0.01 and 0.03 cations/4 oxygens
(Tables 12.49 and 12.50).
In Mnz-I the chondrite-normalized (C1) REE patterns are characterized by moderate
lowering from the LREE to MREE (LaCN/GdCN = 2.0-5.5), a small positive Eu anomaly
(Eu/Eu*= 1.03-1.49) and steep fall from the MREE to the HREE (GdCN/LuCN = 550-1500;
Figure 9.2a). U/Th ratios vary between 1 and 20, while Th concentrations are between 0.01
and 0.1 wt.% and U contents in the range 0.06-0.22 wt.% (Table 12.49). The very low Th
and U contents (<1 wt.%) and the absence of an Eu anomaly suggest a hydrothermal origin
for the phosphates (Schandl and Gorton 2004). Concentration profiles from the rims to the
centers of grains showed that the compositional heterogeneity observed from BSE imaging
is related to minor variations in the LREE amounts. Bright zones at the outer parts of grains
frequently observed with BSE imaging are related to enrichment of Ce and La, and to lesser
extend Gd, and concomitant depletion of Nd and Sm.
In xenotime of type I (Xn-I) the mole fraction of Y is relatively uniform with an average
value of 0.70 cations/4 oxygens (Table 12.51). Xenotime (Xn-I) is characterized by steep
increase of chondrite-normalized abundances from the LREE to MREE (GdCN /LaCN = 1440-
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4050), and rather flat patterns from the MREE to the HREE (GdCN /LuCN = 1.2-2.3). There is
no distinct Eu anomaly, with Eu/Eu* varying between 0.96 and 1.25 (Figure 9.2b). U/Th
ratios vary between 18 and 440, Th concentrations are between 1.5 and 55 ppm, and U is
in the range 300-1966 ppm. Zr contents are between 10 and 30 ppm (Table 12.51).
Concentration profiles from rim to center of xenotime grains show that the compositional
heterogeneity observed from BSE imaging is related to minor variations in Y concentrations,
as well as Gd, and Dy.
Figure 9.2 Chondrite (C1) normalized REE patterns of single grains (values after McDonough
and Sun 1989) (a) of monazite I (Mnz-I) and monazite II (Mnz-II), and (b) xenotime I
(Xn-I).
Figure 9.3 Plot of U vs Th (wt.%) concentrations of
single monazite grains from both monazite types (I
and II). Monazite II can be distinguished from type I
by lower U and higher Th amounts.
Monazite II also defines a rather flat trend of chondrite (C1) normalized abundances from La
to Gd (3.8-7.3), but is distinct by less pronounced decreases from Gd to Lu (412-840) and
small negative Eu anomalies (Eu/Eu*= 0.6-0.9). Th concentrations are distinctly higher
(0.15-0.29 %) and U contents are lower (0.03-0.06), with U/Th ratios ranging from 0.14 to
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0.29. U/Th ratios are distinctly lower than those found in monazite I (Figure 9.3; Table
12.50). Other chemical differences are in the Si concentrations which is constantly higher in
monazite type II, while type I has higher Ca.
9.4 LA-ICPMS U-Pb Results
A total of 17 in-situ spot analyses were performed on 14 monazite I and 3 xenotime I
grains. The selected phosphates of type I occur in apparent textural equilibrium with
chalcopyrite and pyrrhotite in the matrix of the mineralized breccias. Eleven of the 14
monazite I analyses fall in a tight cluster on to concordia yielding concordant U-Pb ages with
207Pb/206Pb dates ranging from 2478 ±39 Ma to 2508 ±20 Ma (Figure 9.4a). The remainder
3 data points trending toward the origin yielded discordant U-Pb dates with 207Pb/206Pb
dates ranging from 2484 ±27 Ma to 2515 Ma ±30 Ma (Figure 9.4a). Regression of the total
data set yielded an concordia intercept age of 2491 ±8 Ma (Table 12.52). One of the 3
xenotime I analyses indicates concordant behavior and two are slightly reverse discordant.
The concordia intercept age of 2472 ±30 Ma is indistinguishable from the age of the
coexisting monazite I (Table 12.52). Regression of all type I monazite and xenotime data
results in an intercept age of 2492 ±9 Ma (Figure 9.4a).
A total of 9 spot analyses were carried out on 8 monazite II and 1 xenotime II grains.
Type II phosphates are in apparent equilibrium with texturally late Fe-Mg clinoamphibole.
With one exception, all monazite II data yield concordant U-Pb ages with 207Pb/206Pb dates
ranging from 1719 ±26 Ma to 1766 ±43 Ma (Figure 9.4b). The remaining data point with an
207Pb/206Pb date of 1724 ±44 Ma defines a discordia that trends toward the origin.
Regression of the 8 data points yielded an concordia intercept age of 1741 ±13 Ma (Table
12.52). A single concordant xenotime II analysis provides an age of 1739 ±19 Ma, which is
almost identical to the monazite II age (Figure 9.4b).
A total of 12 spot analyses were carried out on composite monazite grains (Mnz-III).
The revealed U-Pb ages are all normal discordant and scatter around a trend that appears
to represent a mixing line. Linear regression of the data points results in a curve that has an
upper intercept with concordia roughly at 2491 Ma and a lower intercept at 1777 Ma (Figure
9.4c).
Combined textural, chemical and geochronological data indicate that Mnz-I and Xn-I
were exposed to hydrothermal fluid flow and reacted with the fluid to form either new
monazite and, to a much lesser extend, xenotime grains with complete isotopic resetting
(i.e. Mnz II, Xn II) or, in cases of incomplete dissolution, secondary phosphate overgrowths
formed on older cores, as indicted by the composite grains (i.e. Mnz III). Because of the
extremely low abundance of xenotime II, monazite II may have replaced both, monazite I
and xenotime I.
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Figure 9.4 U–Pb concordia plots of (a) monazite (Mnz-I) and xenotime (Xn-I) type I, (b) of
monazite (Mnz-II) and xenotime (Xn-II) type II, and (c) composite monazite (Mnz-III).
Analyses with one sigma error ellipses are plotted as radiogenic ratios after common Pb
correction.
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Figure 9.4 continue.
9.5 Summary
Two generations of hydrothermal monazite and xenotime were identified in the ore breccia
in the metacarbonate, each type being distinct by crystal morphology, chemistry and U-Pb
isotopic composition. Phosphates intimately associated with the arsenide-sulfide-gold
assemblage are type I monazite and xenotime. Textural evidence as well as their chemical
signature, in particular the low U and Th concentrations provide ample evidence for their
hydrothermal origin (Schandl and Gorton 2004). Thus, the Pb-Pb and U-Pb age obtained for
type I monazite and xenotime of 2492 ±9 Ma, respectively is interpreted to reflect the age
of hydrothermal fluid flow and associated ore formation.
In places, where secondary Fe-Mg clinoamphibole as well talc dominate the mineral
assemblage, with very little or no sulfides present, the breccia matrix is almost devoid of
xenotime, and most monazites show morphologies which appears to be altered from fluid
interaction and are not part of the primary ore mineral assemblage. This type of monazite
(Mnz-II), is typically associated with hydrous gangue minerals, and occur either as clusters
interstitial to the hydrothermal Fe-Mg clinoamphiboles or, as overgrowths on cores of older
Mnz-I grains forming composite grains (Mnz-III). Chemically, monazite II is distinct from
monazite I by higher abundances of heavy REE and a negative Eu anomaly, Th, and Si
concentrations are on average higher compared to monazite type I, while U and Ca contents
as well as U/Th ratios are distinctly lower. Timing of the second hydrothermal fluid flow is
provided by type II monazite and xenotime ages of 1742 ±13 Ma.
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10 DISCUSSION
In the previous sections detailed structural and petrographical analyses have been
complemented by whole rock and trace element analyses of regional rocks and alteration
zones, mineral analyses of key hydrothermal alteration minerals, as well as, stable and
radiogenic isotope mineral analyses. The aim of this section is to summarize and discuss the
key results of this study and also discuss potential models to explain the mineralogical and
chemical signature with respect to ore deposition. All of these aspects provide the
information needed to produce a geological model that explains the iron oxide-copper-gold-
cobalt mineralization in the study area.
10.1 Tectonometamorphic evolution
The geological, geochemical, and geochronological data presented in the previous chapters
can be incorporated into the regional tectonometamorphic framework giving new insights
into the regional geology and the setting of the IOCG Guelb Moghrein deposit.
10.1.1 Geologic setting
The dominant lithologies at the Guelb Moghrein deposit comprise metavolcanic and
metasedimentary rocks of the Saint Barbe Volcanic unit, the Akjoujt Metabasalt unit and the
metacarbonate body that hosts the Fe oxide-copper-gold-cobalt mineralization (Martyn and
Strickland 2004; Kolb et al. 2006). The Saint Barbe Volcanic unit, which makes up the
stratigraphic base in the lithostratigraphic sequence, consists of sericite-quartz- and biotite-
garnet-quartz schists. The biotite-garnet-quartz schist is of sedimentary origin (metapelite)
typified by low SiO2 and high Al, K, Fe, Mg, and Mn contents (Section 3.2.2). The quartz-
sericite schist represents a metavolcanoclastic rock characterized by relict extrusive volcanic
textures, high SiO2 and K2O contents, and shows enrichment in Th, Ta, and in light rare
earth elements (Section 3.2.1). The protolith of the quartz-sericite schist is suggested to be
pyroclastic material (i.e. tuff) of rhyodacite to rhyolite composition deposited along an
active continental margin (Section 3.7.2).
The amphibolite and biotite-actinolite schist together with the chlorite schist that
dominate the deposit area belong to the suite of metavolcanic rocks of the Akjoujt
Metabasalt unit. Petrographical observations including relict pillow structures and ophitic
textures, as well as, compositional analyses on least altered amphibolite indicate that the
precursor volcanic rock is an andesite/basalt crystallized in a submarine, subvolcanic
setting. Chemically, the amphibolite is typified by high Fe, Mg and Na contents and is
depleted in K, Ca, Sr, and Ba (Section 3.4.1). The relative Na-rich character of the
amphibolite and the very low contents of Sr, Ba, and Ca are suggested to be caused by
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spilitization processes during the crystallization of the volcanic rock, which resulted in the
addition of Na from seawater and subsequent leaching of Ca, Sr, and Ba. Spilitization is
considered to be due to reaction between basalts and seawater soon after their original
eruption, rather than the result of later regional metamorphism (Radhakrishna and Rao
1983; Hall 1990). The selective HFS (i.e. Th and Ta) and LREE enrichment in the
amphibolite reflects primary igneous fractionation and similarly to the metavolcanics of the
Saint Barbe Volcanic unit is attributed to the contribution of an arc component indicating a
volcanic arc setting, along an active continental margin (Section 3.7.1).
The metacarbonate body, which hosts the iron oxide copper-gold-cobalt mineralization
comprises of massive siderite that chemically exhibits high Fe-Mg substitution (i.e.
pistomesite; Section 3.5). In this study, a line of morphologic, petrographical and chemical
evidence suggests that the metacarbonate represent a marine metasediment, in accordance
with earlier works on Guelb Moghrein (Ba Gatta 1982; Pouclet et al. 1987; Kolb et al.
2006). These include: 1) The contact between amphibolites and the metacarbonate is
always sharp and no amphibolite relics or other alteration textures are found in the
metacarbonate; 2) Siderite from the metacarbonate body is deformed, forming the clasts in
breccias, and is itself replaced by the ore and alteration assemblages; 3) The intense Fe-Mg
substitution and the absence of Ca and Mn in the chemical composition of the siderite is
typical of carbonates deposited in marine, coastal environment (Mozley 1989); 4) The REE
patterns of the siderite are typified by a weak to moderate REE fractionation with distinct
negative Ce anomalies and no significant Eu anomalies. These patterns contradict to the
typical signature of hydrothermal carbonates, and can be explained by the interaction of
marine or pore waters in coastal carbonate sediments (Hu et al. 1988; Bau and Möller
1992); 5) The extreme light 18O and 13C isotopic composition of least altered siderite from
the metacarbonate (Section 8.2) is within the range shown by other metacarbonates and
graphitic metasediments of marine origin (Mozley and Wersin 1992; Marshall et al. 2006).
In addition, the Fe-Mg clinoamphibole-chlorite phyllonites that intercalate the
metacarbonate in particular intervals are unlikely to represent alteration products of
amphibolite. Instead, these are interpreted to represent metamorphosed and altered iron-
rich interlayer sediments (metapelites) with terrigeneous input deposited synchronous to
the carbonate deposition.
Therefore, it can be concluded that the regional lithologies and host rocks of the IOCG
mineralization at Guelb Moghrein belong to an orogenic metavolcano-sedimentary sequence
formed in a volcanic arc/continental margin setting near the western boundaries of the West
African Craton. Characteristic IOCG districts belonging to modern volcanic island to
continental arc systems are those of the Peruvian and Chilean coast including the world-
class Candelaria, and the Raúl-Condestable and Punta del Combre deposits (Marschik and
Fontboté, 2001; De Haller et al. 2006).
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10.1.2 P-T-t-D path and timing of Fe oxide-copper-gold mineralization
Regionally, the deposit is hosted by a metamorphic terrane, which is characterized by a
complex arrangement of thrust faults and folds in the Mauritanides fold-and-thrust belt
(Martyn and Strickland 2004; Kolb et al 2006). Thermobarometric analyses on the regional
lithologies record a clockwise retrograde P-T path subsequent to thrust deformation events
(Figure 10.1; Section 3.8). Peak, amphibolite facies metamorphism was calculated at
580 ±40°C and ca. 5 kbar for the amphibolite of the Akjoujt Metabasalt unit applying the
plagioclase-hornblende method of Holland and Blundy (1994). This metamorphic event can
be correlated to the regional, weak developed D1 deformation event (Martyn and Strickland
2004; Kolb et al. 2006).
Retrograde shearing of the amphibolite during northeastward D2 thrust event resulted
in the development of the S2 foliation and the formation of the biotite-actinolite schists. This
retrograde overprint occurred at 410±30°C and ca. 3 kbar calculated by applying garnet–
biotite geothermometry (Section 3.8.2). For the temperature calculation, calibrations were
used, which take into account the Fe-Mg-Ca-Mn and Al-Ti solid solutions in garnet (Hodges
and Spear 1982; Pertchuk and Lavrenteva 1983; Dasgupta et al. 1991; Bhattacharya et al.
1992). The northeastward D2 thrusting event under upper greenschist facies metamorphism
resulted in overthrusting of the Saint Barbe Volcanic unit onto the Akjoujt Metabasalt unit
along ESE-WNW trending, reverse shear zones. However, during D2 deformation the Sainte
Barbe Volcanic unit is on the prograde path, whereas the Akjoujt Metabasalt unit is already
retrograde (Figure 10.1). The IOCG mineralization at Guelb Moghrein is confined to discrete
D2 shear zones in the metacarbonate body. The breccia-related hydrothermal structures
demonstrate that mineralization occurred during the regional compressional D2 deformation.
The primary IOCG mineral assemblage indicates a relative high formation temperature
(380-425 oC; Section 6.4.1), which is in agreement to the calculated upper-greeschist facies
metamorphic conditions. Similarly, the synkinematic textures of the hydrothermal biotite-
actinolite-grunerite-chlorite alteration paragenesis, developed parallel to the S2 foliation in
the biotite-actinolite schist, points also to a formation during D2.
Subsequent eastward D3 thrusting resulted in the retrogression of amphibolite to the
chlorite schist under retrograde lower greenschist facies metamorphism. Even if during D3
no significant remobilization of the ore mineralization occurred, re-equilibrium textures such
as, exsolution of troilite and cubanite, and locally talc formation, indicate a temperature
range of 200-250 oC for this retrograde metamorphic event (Section 6.4.2).
Radiometric U-Pb and Pb-Pb dating applied on hydrothermal REE-phosphates from the
main ore zones address the hydrothermal activity at Guelb Moghrein and consequently the
deformational events on regional scale (Section 9.3). Phosphates associated with the
primary sulfide ore assemblage are type I monazite and xenotime. The age obtained for
type I phosphates of is interpreted to reflect the age of hydrothermal fluid flow and
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associated ore formation during regional D2 deformation. Type II monazite and xenotime as
well as the composite type III grains are also hydrothermal in origin, but they are not part
of the primary ore mineral assemblage. They formed because of localized fluid flow and
fluid–rock reaction during subsequent D3 thrusting. The commonly observed retrogression
of amphibolites to chlorite schist in the D3 shear zones indicates fluid infiltration during
deformation. Timing of the D3 event and fluid flow is recorded by the age of type II
phosphates of 1742 ±12 Ma. Textural and chemical evidence indicate that type I
phosphates that were exposed in the later D3 shear zones to hydrothermal fluid flow reacted
with the fluid to form either new monazite and, to a much lesser extent, xenotime grains
with complete isotopic resetting (i.e. Mnz-II, Xn-II) or, in cases of incomplete dissolution,
secondary phosphate overgrowths formed on older cores, as indicted by the composite
grains (i.e. Mnz-III).
Figure 10.1 P-T-t-D path for the tectonometamorphic evolution at Guelb Moghrein.
Processes such as hydrothermal monazite alteration with various degrees of dissolution and
re-precipitation as well as dissolution with replacement have been observed by a number of
authors (e.g. Lanzirotti and Hanson, 1996; Hawkins and Bowring, 1997). Teufel and
Heinrich (1997) demonstrated experimentally that a dissolution-precipitation process in
presence of a fluid phase is a very efficient mechanism for the resetting of the U–Pb isotope
system of monazites, even at low temperatures. This process, rather than Pb volume
diffusion, is most important in shear zones where focused fluid flow may be prevalent.
1742 ±12 Ma
2492 ±9 Ma
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10.1.3 Constraints on the tectonic evolution of the Mauritanides belt
The Mauritanides belt that host the Guelb Moghrein Fe oxide-copper-gold-cobalt deposit is
thought to be part of an extensive chain of Panafrican, Caledonian and Variscan orogenic
belts dismembered by the Atlantic rifting. The southern part of the belt locally records a
polyphase tectonothermal evolution, including Pan African I (ca. 650 Ma) and Pan African II
(ca. 550 Ma) events, followed by a period of tectonic quiescence throughout most of the
early and middle Paleozoic (Inglis et al. 2004; Thomas et al. 2004). Late Paleozoic
(Variscan) collision of Gondwana and Laurentia resulted in eastward thrusting of previously
tectonized Mauritanides on the West African basement (e.g. Lécorché et al. 1989;
Dallmeyer et al. 1989). However, K/Ar and 40Ar/39Ar dating by Clauer et al. (1991) near
Akjoujt revealed that in contrast to the southern Mauritanides, the supracrustal rocks in this
area show no record of any Panafrican ages. Their 40Ar/39Ar incremental release analyses of
hornblende and biotite from the crystalline basement suggest that the respective closure
temperatures last occurred at 2400 and 1850 Ma, and that emplacement of the
allochthonous cover sequence was between 301 and 312 Ma (Clauer et al. 1991). Martyn
and Strickland (2004) found the widespread occurrence of banded iron formation to be
more akin to Proterozoic or Archean settings and concluded that the Akjoujt supracrustal
rocks resemble Archean greenstone belts on grounds of lithological make-up, metamorphic
grade, style of deformation and hydrothermal alteration.
The IOCG mineralization at Guelb Moghrein has been previously interpreted to belong
to either the Pan African or Variscian tectonic evolution of the regional rocks (Strickland and
Martyn 2002; Kolb et al. 2006). In this study, the new chronologic results of the epigenetic
mineralization show that the Guelb Moghrein deposit formed in the Late Archean-Early
Proterozoic time (2492 ±9 Ma), and together with Salobo IOCG deposit in Brazil belong to
the oldest known IOCG deposits worldwide. Thus, the results point to an age of the host
rocks to the hydrothermal mineralization in excess of 2492 Ma. Therefore, it can be
concluded that the supracrustal rocks in the Akjoujt area represent a volcano-sedimentary
succession of Archean age that underwent deformation and peak metamorphism under
amphibolite facies conditions prior to hydrothermal mineralization and retrograde upper
greenschist facies metamorphism at 2492 Ma. A second deformation event coupled with
hydrothermal fluid flow occurred at 1742 Ma under lower greenschist facies conditions
(Figure 10.1). The final emplacement at the current position on the crystalline basement of
the West African Craton by thrusting took place at ~300 Ma as a result of the collision of
Gondwana and Laurentia (Lécorché et al. 1989; Dallmeyer et al. 1989; Martyn and
Strickland 2004; Meyer et al. 2006).
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10.2 Controls on mineralization and alteration
The iron oxide-copper-gold-cobalt mineralization at Guelb Moghrein is interpreted to be
controlled by three main factors: contrast in competency, geochemistry of host rock and
structure. The mineralization is epigenetic intimately associated with the brecciation of the
metacarbonate host rock (Kolb et al. 2006). The ore is concentrated in breccia structures
with the favorable contact between the Fe-Mg clinoamphibole-chlorite phyllonite and the
metacarbonate body. Drill logging and three-dimensional modeling of the ore bodies show
that these occur along (1) the sheared hanging wall and footwall contacts to the biotite-
actinolite schist and, (2) in at least four discrete shear zones truncating the metacarbonate
parallel to the D2 shear sense (Section 4.2.3).
The mineralized breccias dip 25-35° to the SSW, approx. parallel to the S2 foliation of
the hanging wall and footwall rocks (biotite-actinolite schist; Section 4.1). Hence, a
structural control of the Cu-Au-Co mineralization at the Guelb Moghrein deposit is provided
by the D2 shear zones, which reactivated the lithological contact between metacarbonate,
amphibolite, and Fe-Mg clinoamphibole-chlorite phyllonite in the footwall of the D2 thrust
separating the Akjoujt Metabasalt unit from the Sainte Barbe Volcanic unit (Strickland and
Martyn 2004; Kolb et al. 2006).
The emplacement of breccias is commonly associated with weaknesses in underlying
rocks representing zones permeable enough for hydrothermal fluids to enter overlying
lithologies (Gerdemann & Myers 1972). Features that controlled or triggered breccia
formation that have been identified in other IOCG districts include intersection of highly
permeable units with fault zones (e.g. Candelaria deposit) in others, dilational jogs (Olympic
Dam), duplexes, splays on faults and shears (e.g. Carajas district and Monakoff deposit),
folding (e.g. Tennant Creek district), or complex intercalation of high and low permeability
units faults or thrusts. Other controlling features include extensional fractures created
during compaction in lithologies that overly less compactable sediments (Ohle 1985), or
impermeable zones that constitute a seal under which ascending fluids may be trapped long
enough to initiate hydraulic fracturing and veining (Cox et al. 1986). At Guelb Moghrein, the
rheological contrast between siderite and the Fe-Mg clinoamphibole-chlorite phyllonite at
upper greenschist facies metamorphism is the key factor for the structural control of the
epigenetic mineralization. These two different lithologies have a markedly different tensile
strength, and a higher degree of fracturing is possible in the stronger units (metacarbonate)
in the vicinity of the contacts, by cyclic fluid pressure fluctuations in adjacent shear zones.
The Fe-Mg clinoamphibole-chlorite phyllonite adjacent to the core zones of the breccia is
deformed by viscous deformation of chlorite and to a lesser extent of grunerite and contains
small lenses of puzzle-like, sulfide-filled breccias (Section 5.3). The rheologically weak Fe-
Mg clinoamphibole-chlorite phyllonite localized viscous shearing in the metacarbonate body
and controlled the brittle deformation of siderite and, therefore, mineralization and
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alteration in the breccia. Siderite is rheologically stronger at temperatures of about 400°C
(c.f. French et al. 1971; Gotor et al. 2000) and, therefore, deformation results in the
formation of monomictic breccias that are symmetrically developed in the hanging wall and
in the footwall of the phyllonite. Similar to the damage zones in brittle faults, these breccia
zones account for the bulk permeability of the D2 shear zones at Guelb Moghrein, hence,
host the economic Fe oxide-Cu-Au-Co mineralization. Core zones of breccias contain up to
95% ore and grade into distal crackle breccia, where the siderite of metacarbonate displays
incipient brecciation, to weakly fractured and less-mineralized at the margins. As such, the
boundary of breccias tends to be gradational over 30 meters (Sections 4.2.3 and 5.2.1).
Overprinting relationships of various vein generations in the massive breccias indicate
repeated episodes of fracture formation. Mineralogic fabrics such as grunerite rosettes and
idiomorphic crystal surfaces in veins suggest growth of these crystals in open or fluid-filled
space, proving large porosity systems in the breccia zones.
The mineralized breccias at Guelb Moghrein show many elements typical of fluid-
assisted (hydraulic) brecciation (Jébrak 1997) including, angular clasts in combination with
in situ fracturing e.g. mosaic and crackle brecciation, high cement/clast ratios, and dilation
along foliation/shear planes (Vearncombe et al. 1995; Caine et al. 1996; Jébrak 1997). The
geometry of this system resembles the distribution of fault gouge and damage zones in
brittle faults at lower temperatures (Jébrak 1997; Evans et al. 1997; Kolb et al. 2006). The
development of open space in the mineralized breccia bodies can be attributed to the
combined effects of hydraulic brecciation and siderite dissolution/recrystallization with both
processes interacting and possibly enhancing one another in a positive feedback loop.
Supporting arguments for hydrothermal dissolution of the siderite of the host
metacarbonate by ascending hydrothermal fluids during brecciation include: a) the siderite
clasts in the highly-strained, mineralized breccias have a rounded (pebble-like) shape and
display significant signs of recrystallization (Sd2 clasts; Section 5.2.1); b) abundance of
fine-grained siderite (Sd3) in the matrix; c) REE geochemistry (Section 5.2.2) and 13C-18O
isotope analyses (Section 8.2) show that the hydrothermal siderites (Sd2 and Sd3) have
inherited the geochemical signature of the pre-existing metacarbonate (Sd1) host rock.
Creation of open space and fracturing may have been initiated by hydrofracturing,
paving the way for siderite-undersaturated fluids to penetrate larger volumes of the host
rock. Brecciation of host rock and Sd2/Sd3 hydrothermal siderite generations related to the
main sulfide mineralization stage evidently took place by in-situ fracturing without
significant rotation or shift of fragments (pebble and crackle breccias; Section 5.2). Drop in
fluid pressure and subsequent ore precipitation is the likely consequence of the sudden
increase in connectivity between fractures during hydraulic fracturing (Jébrak 1997; Cox et
al. 2001). After each sequential failure event the fluid pressure gradually returns to pre-
failure conditions and may overpressure with healing of the fault by hydrothermal
precipitation. Overpressuring can induce fluid-generated fracturing at the layer interface in
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the method envisaged by Sibson (1996). This, in turn, resulted in a renewed build-up in
fluid pressure and new hydraulic brecciation during the main mineralization stage. This
cyclic process explains the repeated brecciation and hydrothermal mineral precipitation in
the breccia matrix at Guelb Moghrein. Therefore, brecciation of the metacarbonate during
D2 can be considered as the necessary ground preparation that enabled pervasive fluid flow
of the sulfur- and metal-rich, hydrothermal fluids and interaction with the carbonate-rich
host rock that was necessary for ore precipitation.
Deformation during D2 was partitioned into brittle deformation in the metacarbonate
and ductile deformation in the amphibolite of the Akjoujt Metabasalt unit. In the biotite-
actinolite schist of the hanging wall and footwall rocks, fabric development and degree of
biotite-chlorite-grunerite-calcite alteration increase toward the metacarbonate contact.
Therefore, the development of porosities for hydrothermal fluid flow is strongly related to
ductile strain in the Akjoujt metabasalts mainly accommodated by crystal-plastic
deformation of hornblende, biotite, chlorite, and plagioclase. Hydrothermal fluid flow
appears to have been concentrated along grain-scale and vein networks into the shear
zone. The pervasive style of alteration suggests that a grain-scale, mesh-like porosity
system was developed during D2 shearing. The evolution of shear zones that developed in
crystalline basement rocks at intermediate crustal levels has been profoundly influenced by
a mixture of intracrystalline plastic and cataclastic processes simultaneous with fluid influx
(Kerrich et al. 1984; Eisenlohr et al. 1988; Gibson 1990; Cox et al. 2001). A model for the
growth of the shear zone in the Akjoujt metabasalts involves: a) initial plastic deformation
of relative strong, coarse-grained amphibolites; b) episodic influx of reactive fluids during
period of fracturing and high fluid pressure; c) progressive alteration of feldspar and
hornblende to biotite, chlorite, grunerite, actinolite, calcite and recrystallization of quartz to
form relative weak, fine-grained matrix; d) concentrated deformation and focused fluid in
the core of the most highly-strained part of the shear zone. However, in contrast to the
brittle-deformed zones in the metacarbonate this alteration zone is not significantly
mineralized.
10.3 Origin and source of hydrothermal fluid
10.3.1 Fluid composition and implications on its origin
Preliminary results on fluid inclusion analyses indicate two types of fluids involved during
the IOCG mineralization. Siderite from the hydrothermal breccias contain two types of fluid
inclusions, both two-phase aqueous (gas-liquid), however texturally and compositionally
distinct (Prantl 2007). The first type of fluid inclusions has an average size of 15 m, found
in transgranular trails, healing fissures or cracks in the siderite. These are directly
associated with the brecciation of the metacarbonate during D2 and the IOCG deposition.
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The fluid in these inclusions homogenizes to liquid at 285-350 oC, having a NaCl-rich
composition between 0.3 and 3.9 mol/kg Cl -. A second type of fluid inclusions is found in
clusters in siderite clasts (Sd2) associated with the Fe-Mg clinoamphibole-magnetite-sulfide
alteration paragenesis. The inclusions are approx. 20 m in size and contain commonly
opaque minerals. The fluid has an average homogenization temperature at 260 oC, and is
rich in NaCl, MgCl2
- as well in Fe and Ca, with salinities that range between 2.9 and
4.8 mol/kg Cl- (Prantl 2007). The origin of these fluid inclusions is yet to be fully explored.
They may represent either two separate fluids that were mixed during metamorphism and
upward flow or, progressive evolution of one fluid whose composition was changed during
interaction with the host carbonate rock. However, the second scenario seems to be more
realistic, as fluid-rock interaction during brecciation and cooling in the metacarbonate would
produce a more Fe- and Mg-rich fluid due to the exchange reactions with the host siderite.
Given the uniform isotopic signature of the hydrothermal fluid as calculated from
hydrothermal minerals from both host-, and wall-rocks a fluid mixing is also unlikely at least
at the sites proximal to mineralization (Section 8.4; McCuaig and Kerrich 1998).
The origin of the fluid(s) associated with Fe oxide-Cu-Au mineralization in IOCG
systems is controversial, and hydrothermal models invoked for the derivation of the ligands
and metals include both magmatic and non-magmatic variants (Hitzman et al. 1992; Barton
and Johnson 2000; Pollard 2000; Chiaradia et al. 2006). Generally, the origin of the high
salinity character of the mineralizing fluids is suggested to be either of magmatic origin
(Pollard 2000; Groves and Vielreicher 2001), or derived from brines that interacted with
evaporates (Haynes et al. 1995; Haynes 2000; Barton and Johnson 2000). In addition, a
metamorphic origin of the saline-rich fluids by devolatization or mixing of relatively cool,
dilute waters (either seawater, meteoric or connate waters) with hot, saline fluids of deep
crustal origin (metamorphic or magmatic) has been also proposed by a number of authors
(De Jong et al. 1998; Hitzman 2000).
The saline composition of the ore fluids reported for the Guelb Moghrein requires that
the source of the mineralizing fluid is enriched in H2O and NaCl (Yardley and Graham 2002).
Possible sources of H2O- and NaCl-enriched fluids include either retrograde metamorphic
fluids, or deep magmatic fluids. Given that IOCG mineralization at Guelb Moghrein occurred
during retrograde metamorphism, the H2O-NaCl-enriched fluids could only be derived during
this stage. Oxygen and hydrogen isotope data are available for minerals produced during
the main hydrothermal stage at Guelb Moghrein. These include magnetite, chlorite and Fe-
Mg clinoamphiboles. The results (18Ofluid 9.3 to 11.4 per mil, and D -17.4 to -32.9 per mil)
point out to a dominant metamorphic contribution for fluids associated with the iron,
potassic and Cu–Au mineralization (Taylor 1979; Yardley and Graham 2002). The deep-
seated regime of the Guelb Moghrein deposit (~10 km down the crust) and the very narrow
range of the d18O vs. dD values of the hydrothermal fluid are not compatible with mixing
with surface-derived fluids (Ridley and Diamond 2000). However, a genetic connection of
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the hydrothermal fluid with magmatic source cannot be completely ruled out simply on the
basis that no exposed intrusion relates to the mineralization as the subsurface architecture
of the crust in that area is unknown.
Metamorphic devolatization is commonly implicated in gold mineralization (Kerrich and
Fyfe 1981; Ridley and Diamond 2000; Yardley and Graham 2002). Consequently, the most
likely source for deriving such H2O-NaCl-enriched fluids is interpreted to be the Akjoujt
Metabasalt unit, which is the dominant regional lithology in the deposit area. Saline- and
chlorine-rich fluids could potentially be generated through devolatization of the amphibolitic
rocks at depth. This process includes breakdown of hydrous minerals such as hornblende, as
well plagioclase during metamorphism at upper greenschist facies. The structural control of
the Guelb Moghrein mineralization by retrograde shear zones suggests a regional migration
pattern for the metamorphic fluid in the complex thrust system in the Akjoujt area.
Retrograde shear zones are considered a fundamental feature in metamorphic flow patterns
(Etheridge 1983). Deformation and metamorphism produced a thermal regime that initiated
a regional fluid system with metamorphic dewatering and deep circulation of formation
waters providing sources of initial fluids. The shear zones essentially acted as a conduit that
channeled and focused the metamorphically generated fluid as it is driven upwards.
10.3.2 Source of sulfur and metals
Some of the most pertinent questions concerning the genesis of sulfide ore deposits are the
origin of metals and sulfur. The Guelb Moghrein deposit is characterized by enrichment of a
diverse suite of elements that except the main Fe oxides and the economic significant Cu,
Au and Co includes S, As, U, F, REE, Bi, Ag, Bi, Te; as indicated by the ore mineral and
alteration parageneses. This suite of elements is however characteristic of the IOCG class of
deposits (Hitzman 1992). In IOCG systems Fe and metals are interpreted to have either
derived by local scavenging from the country rocks (cf. Williams 1994; Lang et al. 1995;
Menard 1995; Oliver et al. 2004); and/or exsolution of fluids from contemporaneous
magmas, as shown in granite-hosted (e.g. Lightning Creek deposit Cloncurry district;
Perring et al. 2000), or magnetite-rich skarn deposits elsewhere (Kodera et al. 1998;
Chiaradia et al. 2004).
Iron enrichment at Guelb Moghrein is largely related to concentrations of magnetite,
biotite and pyrrhotite. Iron enrichment linked to potassic alteration occurs as zones of highly
biotite±magnetite-altered rocks that form shear zones in the immediate hanging wall and
footwall (biotite-actinolite schist) of the deposit. Towards the ore body the Fe-content in
biotite and chlorite increases together with grunerite and sulfide amounts in the rock
(Section 7.2.2). Generally the enrichment in Fe and K (potassic-iron alteration zone) in the
shear zones is often assumed to be required from an external source. However, a ready
supply of Fe and K at Guelb Moghrein exists in the amphibolite rocks. The conversion of the
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amphibolite into schist is accompanied by significant alteration of the plagioclase and the
iron-rich hornblende (pargasite) to Fe-rich biotite (annite) and Fe-rich chlorite (ripidolite) as
well grunerite. In such, metamorphism of the amphibolite produces a significant amount of
K, Fe as well other alkalis and metals that are released to the fluid and re-concentrated into
the shear zones as new-mineralization. Fe and K have a high mobility in shear zones, in the
presence of H2O, Cl and CO2, where differential pressure and shearing prevail (c.f. Boyle
1979). Similarly, a line of textural and chemical evidence suggests most of Fe-enrichment
linked to the magnetite formation in the metacarbonate is the result of local scavenging of
Fe from the metacarbonate host rock during fracture development, rather than externally-
derived (magmatic) Fe. This includes a) magnetite abundance is positively related to degree
of brecciation of metacarbonate; b) magnetite is characteristically associated with graphite
and siderite that implies disportionation reactions of the carbonate under metamorphism for
the formation of magnetite and graphite; c) absence of magmatic titanium and other trace
elements in magnetite composition; d) the metamorphic 18O isotope signature of the
magnetite.
The most important tool for tracing the source of S and consequently metals involved in
ore formation at Guelb Moghrein are 34S studies of ore minerals including cobaltite,
chalcopyrite and pyrrhotite (Section 8.1). The uniform isotopic signature for all analyzed
minerals and the clustering of the sulfur isotope ratios near 0 per mil is consistent with
sulfur of magmatic or metamorphic origin (Ohmoto 1986 and 1992; Rollinson 1994). The S
isotope data exclude derivation of sulfur by reduction of seawater sulfate in the mineralizing
system, or dissolution of evaporates (34S range from +10 to +30‰; Rollinson 1994)
processes that represent possible sources of sulfur in other IOCG districts (Powell and
Mcqueen 1984; Barton and Johnson 1996 and 2000). A magmatic source is, however,
considered rather unlikely, as no magmatic activity directly related to the IOCG
mineralization at Guelb Moghrein is evident. Alternatively, sulfur could have been acquired
together with the metals from rock successions along the migration path of the
metamorphic fluid in the shear zones. Sulfur could have then been derived from the same
source as the metals, i.e. the amphibolite rocks of the Akjoujt Metabasalt unit. The Cl-rich
composition of the mineralizing fluid and its migration through the D2 shear zones suggests
that like S, Cu, Co, Au and other elements would also have been leached from the mafic
rocks (e.g. De Jong et al. 1998; Oliver et al. 2004). It is highly likely that the mafic rocks of
the Akjoujt Metabasalt unit could be a significant source component to nearby
mineralization, given that the metabasalts are anomalous in metal and REE contents.
Broad-scale leaching of the metabasaltic unit in vicinity to the shear zones could potentially
mobilize metals that could accumulate to appreciable quantities within the shear zones. A
similar process for the generation of Cu-Au deposits from deep underlying host rocks by
saline, chlorine-rich fluids has been proposed in the Cloncurry district and Olympic Dam
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region, which caused the generation of several economic Cu-Au deposits (Haynes et al.
1995; Johnson and McCulloch 1995; De Jong et al. 1998).
10.3.3 Transport of metals and gold
HS- and Cl- are the two most common complexing agents for Au and Ag (Mirsa 2000). High
oxidation fluids cannot contain significant amounts of HS -. Hence, in such fluids, if metal
complexing occurs, it is through Cl- complexation. The Guelb Moghrein ore breccia is
enriched in a diverse suite of elements (e.g. Cu, Au, Fe, As, Co, U, F, REE, Bi, Ag, Bi) that
are likely to have been carried as various sulfide, chloride, CO32- and hydroxide complexes.
The presence of high temperature and relatively high salinity fluid trapped in syn-ore
siderite at Guelb Moghrein suggests that a significant proportion of ore metals, such as Cu,
Au, Co, As, REE etc., were probably carried as chloride complexes. In these conditions,
metals such as, arsenic and cobalt are carried as two different types of molecule, where As
can complex with hydroxide, as As(OH)3, or with Cl, as AsCl, and Co complexes with Cl, as
CoCl2 (cf. Sverjenski et al. 1997; Pokrovski et al. 1996), whereas CuCl2- is the dominant
copper complex (Xiao et al. 1998). REE-chloride complexes are dominant under acidic
conditions whereas REE-fluorides are the dominant species at near neutral conditions (Haas
et al. 1995). Although chloride-complexes are the dominant ligand, accessory phases
identified by petrographic observations indicate that carbonate-, phosphate-, sulfate-, and
fluoride-complexes were also present in minor quantities.
Within the context of IOCG mineralization, chloride complexes are the dominant ligands
in IOCG systems worldwide (e.g. Huston and Large 1989; Davidson and Large 1994). This is
a function of the relative high salinity of the Cu-Au-bearing solutions, relative high
temperatures and low pH fluid environments (Davidson and Large 1994). The salinities of
the mineralizing fluids exert a fundamental control on both fluid phase equilibria and metal
transporting capability. Metal solubility is largely controlled by fluid salinity and
temperature, although locally, rapid fluctuations in pressure (e.g. hydrothermal
brecciation), reactive host-rock interaction, and changes in pH and/or redox via fluid mixing
may also play a significant role (cf. Chou and Eugster 1977; Hemley et al. 1992; Sverjensky
et al. 1997). The Guelb Moghrein high salinities and high temperature fluid inclusions
indicate that the Au (and Ag) complexing agent was Cl - ion (Prantl 2007). Except Cl-, other
possible ligands present in the hydrothermal fluid in appreciable concentrations are reduced
sulfur species (H2S, HS-) as well, polysulfide (S22-, S32-), thiosulfate (S2O32-), and possibly
mixed As-S (AsS2-, As2S42-) (e.g. Webster 1990; Seward and Barnes 1997). Hydroxy or
mixed hydroxy complexes such as AuCl(OH)-, Au(OH)2-, or AuOH could be important when
other complexing agents are absent and/or at high temperatures (Seward and Barnes 1997;
Stefánsson and Seward 2003). The presence of Au-tellurides in the ore mineralogy implies
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that the reduced tellurium complexes such as Au(Te2)22-, Au(TeS)23-, Au(Te2)HS2- or AuTe23-
could also be important in the transportation of gold (Seward and Barnes 1997).
Even though the deposit is predominantly characterized as a hydrothermal breccia
enriched in a range of elements, apart Cu, the base metals Pb and Zn were not deposited
during hydrothermal alteration. The absence of Pb and Zn in the ore breccia probably
indicates that either these were initially absent, or they remained soluble in the ore fluid,
which is consistent with their higher solubility compared to Cu (e.g. Hemley et al. 1992). A
potentially similar scenario has been documented in cooling porphyry systems where Pb and
Zn remain in the spent solution after Cu–Au mineralization (Ulrich et al. 2001).
10.3.4 Fluid evolution and mineral precipitation
Petrographical and fluid inclusion studies document distinct changes in salinity, composition
and temperature of the fluid involved in the formation of the hydrothermal ore mineral
assemblages at Guelb Moghrein. These changes in fluid chemistry are interpreted as the
result of cooling and fluid-rock interaction and reflect distinct physicochemical changes
during the formation of the Guelb Moghrein deposit. Some of these changes are closely
associated with different stages of mineral precipitation. In addition to the fluid inclusion
data, thermodynamic mineral-fluid equilibria data were used to calculate the limits to the
most likely equilibrium fluid compositions responsible for the IOCG mineralization.
Siderite-magnetite-graphite and sulfide assemblages are found in equilibrium
throughout the hydrothermal breccias and their stability is a function of P, T and fO2 and fS2
(French 1971; Ellis and Hiroy 1997; Koziol 2004). Siderite-magnetite-graphite and sulfide
associations have been often recognized in several carbonate-hosted IOCG deposits, in the
carbonate facies of several BIF or Archean carbonate-rich formations (Perry and Ahmad
1977; Skirrow and Walsche 2002; Van Zuilen et al. 2003; Hammond and Moore 2006). In a
number of deposits, iron oxides (magnetite/hematite) appear to be paragenetic precursors
to the copper-gold assemblages, and in some cases it has been proposed that magnetite-
rich ironstones have acted as a redox trap for the sulfur-rich fluids (e.g. at Starra,
Rotherham et al. 1998). Sulfidation of the pre-existing iron-rich assemblages is proposed in
some deposits as a precipitation mechanism of Cu and Au (e.g. at Eloise, Baker 1998; at
Candelaria, Marschik et al. 2000). While in some IOCG deposits the iron-rich hosts appear
to be the cause for precipitation of the Cu and Au bearing minerals, in others they are just a
“by-product” of Cu and Au mineralization (e.g. Williams and Pollard 2003; Oliver et al.
2004).
The precipitation of iron oxides and Cu-Au minerals in the Guelb Moghrein deposit did
not take place in discrete episodes, but rather the Fe and Cu-Au assemblages express
prolonged evolution of a single hydrothermal system. This is reflected in the primary sulfide
mineralogy, which includes a relative early precipitation of Co-, Ni- and As-rich, sulfur-poor
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phases (clinosafflorite, arsenopyrite, cobaltite) followed by Fe- and Cu- and sulfur-rich
phases (magnetite, pyrrhotite and chalcopyrite). The primary zoning in Fe, Co and Ni in
arsensulfides describes the general chemical trend in which Fe replaces a mixture of Co and
Ni relative to increasing S/As ratio (Section 6). This element substitution in arsensulfides
suggests that Fe2+ will substitute for Co2+, as well as Ni2+, due to similarities between
valence state and atomic size considerations, whereas S, because of its comparative size
and electronegativity substitutes for As, under increasing S fugacities (cf. Simon et al.
1999; Pokrovski et al. 2002).
The siderite-magnetite-graphite and siderite-pyrrhotite-graphite textural associations
observed in the ore paragenesis at Guelb Moghrein express metasomatic/replacement
reactions of the host siderite under increasing oxygen and sulfur fugacities during the
hydrothermal fluid evolution. The formation of magnetite and pyrrhotite in association with
graphite can been described by the following generalized reactions:
3FeCO3 + 1/2O2  Fe3O4 + 3CO2 (1), and FeCO3 + 1/2S2  FeS + CO2 + 1/2O2 (2),
whereas decarbonation of CO2 produces graphite according to the reaction: CO2  C + O2
(3). In addition, magnetite replacement by pyrrhotite observed in the mineralogy can be
described by the reaction: 2Fe3O4 + 3S2  6FeS + 4O2 (4). These reactions have been
shown to occur at Guelb Moghrein at temperatures between 400-450 oC and approx. 3 kbar
pressures. The stability of siderite, oxides and sulfides in the Fe-S-O-H system are well
known and several studies have extended this to C-O-H-S-bearing fluids at low oxygen
fugacities with graphite (e.g. Helgeson 1991). The combination of the reactions (1) and (3)
as described above, define the maximum stability of siderite on a P-T diagram (French
1971). The stability of siderite (Sd) with respect to hematite (Hm), magnetite (Mt),
pyrrhotite (Po), pyrite (Py) and graphite and a C-O-S fluid species is shown in Figure 10.2 in
a plot of fO2 and fS2 calculated for 450 oC and 3 kbar (modified after Ellis and Hiroy 1997).
The utilized thermodynamical data sets are from Holland and Powell (1990). The siderite of
the host metacarbonate at Guelb Moghrein shows a high substitution in Fe-Mg near 50%
(Section 3.5). The dashed lines represent the stability limits of siderite sensu stricto with
XFe=100; whereas the shaded area represents the stability field of siderite with the
composition similar to that of the host metacarbonate at Guelb Moghrein (XFe=50). As
shown by the dashed lines substitution of Mg for Fe stabilizes siderite at higher
temperatures and fO2 values.
The stable coexistence of the siderite with magnetite and graphite in the breccias at the
Guelb Moghrein deposit constrain them to the buffer reaction curve “Sd = Mt + Gph”. The
direct replacement of magnetite from pyrrhotite, as well replacement of siderite by
pyrrhotite and graphite observed in the mineralogy of the ore bodies indicate a fluid
evolution along the reaction curve “Sd = Po + Gph”. The calculations show that at 450 oC
and at 3 kbar the coexistence of siderite (with XFe=50) with magnetite and graphite
(reaction 1, 3) at low fS2 values is stable at very low oxygen fugacity with log fO2 lower
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than -25. Replacement of siderite and magnetite by pyrrhotite (reactions 2, 4) begins under
increasing sulfur fugacities (above -8). The absence of pyrite in the sulfide mineralogy
implies that sulfur fugacities did not exceed -6 during the prolonged evolution of the
hydrothermal fluid.
Figure 10.2 Calculated stability of siderite (XFe=50) as a function of fO2 and temperature at
3 kbar in the Fe-C-O system. The thermodynamic data sets used for the calculations are
from (Holland ad Powell 1990). The dash lines represent the stability limits of siderite
sensu stricto (XFe=100). The stability of siderite is given by the vertically ruled area. Fe-Mg
solid solution has the effect of increasing carbonate stability, particularly to higher fO2
values, as shown by the dashed curves. The dashed arrow shows the evolution of the
mineralizing fluid at Guelb Moghrein from a low sulfur fugacities to increasing oxygen and
sulfur fugacities expressed mineralogically by the replacement of magnetite and siderite by
pyrrhotite (after Ellis and Hiroy 1997).
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10.4 Genetic model of formation of the Guelb Moghrein deposit
The combination of structural, geochemical and isotopic results provides initial constraints
on the establishing a genetic model for the generation of the IOCG mineralization at the
Guelb Moghrein deposit (Figure 10.3). Following is a summary of key components viewed to
be crucial for the genesis of IOCG mineralization in the Akjoujt area.
The regional amphibolite rock (Akjoujt Metabasalt unit) underwent a clockwise
retrograde path; peak metamorphic conditions are represented by amphibolite facies
metamorphism (Figure 10.1). WSW-ENE trending, retrograde shear zones developed during
upper greenschist facies metamorphism, in response to compression, as a result of the
accretion of the West African margin (D2 thrusting; 2492 ±9 Ma). The individual shear
zones are associated with lithological anisotropies, which reactivated the lithological contact
between metacarbonate, amphibolite, and Fe-Mg clinoamphibole-chlorite phyllonite in the
footwall of the D2 thrust, separating the Akjoujt Metabasalt from the Sainte Barbe volcanic
unit.
Dewatering of the amphibolite by the breakdown of hydrous minerals at depth during
metamorphism generated saline, chlorine-rich fluids. The fluid originating at depth leached
S, K, Fe, Au, Cu, Co, Bi, REE and other metals from the mafics just prior to ore deposition,
proximal to the shear zones. Large quantities of this metamorphic, metalliferous fluid
entered the D2 shear zones, which focused the fluid as it was driven upwards (Ridley 1993;
Jébrak 1997; Kolb et al. 2006), a typical scenario for high-temperature, low-pressure
metamorphism (Powell et al. 1991).
Retrograde shearing resulted in ductile deformation of the amphibolite and Fe-Mg
clinoamphibole phyllonite and brittle deformation of the metacarbonate. The mineralizing
fluid migrated through the metacarbonate unit by tectonic pumping mechanisms, and
accumulated in the breccia structures where metals precipitated from the hydrothermal
solution. Reaction of the fluid with the siderite of the metacarbonate at temperatures
between 400 and 450 oC resulted in the formation of magnetite, Fe-Mg clinoamphiboles and
graphite and under increased S fugacities precipitation of Au-bearing arsensulfides and
sulfides. Potassic and iron alteration associated with mineralization resulted in the
development of a 40 m wide biotite-chlorite-grunerite-calcite zone along the contact of the
metcarbonate and the amphibolite.
Continuing accretion of the cratonic margins gave way to a second stage of retrograde
metamorphism at lower greenschist facies (Figure 10.1). N-S trending, retrograde shear
zones represented by chlorite schists developed in response to compressional tectonism (D3
thrusting; 1742 ±12 Ma). Localized fluid flow resulted in requilibration of the alteration and
ore mineralogy, as well abrupt separation of the mineralized metacarbonate into two
domains, namely Occidental and Oriental.
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Figure 10.3 Schematic representation of the genetic model of the epigenetic, hydrothermal
mineralization at Guelb Moghrein deposit. Metamorphically-derived, saline and Cl-rich fluids
leached the amphibolite during upward flow within retrograde (D2) shear zones.
Remobilization of Fe, K, Ca etc., resulted in the formation of the Bt-Chl-Gru-Ca alteration
zone in the footwall of the orebody. Upward fluid flow in the metacarbonate subsequent to
brecciation and fluid-rock interaction resulted in the formation of the Fe oxide-Cu-Au-Co
ore bodies.
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12 APPENDICES
12.1 Abbreviations
12.1.1 Major rock types
Abbreviations of the main lithotypes and alteration styles that occur at the Guelb Moghrein
deposit are:
Amph: Amphibolite (Akjoujt Metabasalt unit)
Bt-Act: Biotite-actinolite schist (Akjoujt Metabasalt unit)
Chlor: Chlorite schist (Akjoujt Metabasalt unit)
Qtz-Ser: Quartz-sericite schist (Saint Barbe Volcanic unit)
Bt-Grt: Biotite-garnet-quartz schist (Saint Barbe Volcanic unit)
Mcarb: Metacarbonate
Brec: Breccia
Ore: Massive ore
BCGC: Biotite-chlorite-grunerite-calcite alteration zone
Phyl: Fe-Mg clinoamphibole-chlorite phyllonite
Gru: Massive grunerite zone
12.1.2 Common minerals
Most ore minerals are abbreviated according to Chace (1956) and most gangue minerals
according to Kretz (1983). The chemical formula of the minerals is also shown.
Ab-albite NaAlSi3O8 Hed-hedleyite Bi7Te3
Act-actinolite Ca2((Mg,Fe)5Si8)22(OH)2 Ilm-ilmenite FeTiO3
Ap-apatite Ca5(PO4)3(OH,F,Cl) Mal-malachite Cu2(OH)2CO3
Asp-arsenopyrite Fe(Co,Ni)AsS Mck-mackinawite (Fe,Ni)9S8
Au-native gold Au Mld-maldonite Au2Bi
Bi-native bismuth Bi Mnz-monazite (Ce,La,Nd)PO4
Bt-biotite K(Mg,Fe)3(Al,Fe)Si3O10(OH,F,Cl)2 Mt-magnetite Fe2O3
Cal-calcite CaCO3 Nk-nickeline NiAs
Chl-chlorite (Mg,Fe)3(Si,Al)4O10(OH)2 Pil-pilsenite Bi4Te3
Cob-cobaltite Co(Fe,Ni)AsS Pl-plagioclase Ab-An
Cp-chalcopyrite CuFeS2 Pn-pentlandite (Ni,Fe,Co)9S8
Cub-cubanite CuFe2S3 Po-pyrrhotite Fe1-xS (x<0.2)
Cumm-cummingtonite (Mg,Fe)7Si8O22(OH)2 Prg-pargasite NaCa2Mg4Al3Si6O22(OH)2
El-electrum AuAg Pz-petzite Ag3AuTe2
Fsp-feldspar KAlSI3O8 Qtz-quartz SiO2
Goe-goethite FeO(OH) Sd-siderite (Fe,Mg)CO3
Gph-graphite C Ser-sericite KAl2(AlSiO3O10)(OH,F,Cl)2
Grt-garnet (Ca,Fe,Mg)3(Al,Cr)2(SiO4)3 Stz-stuetzite Ag7Te4
Gru-grunerite (Fe,Mg)7Si8O22(OH)2 Tro-troilite FeS
Saf-(clino)safflorite (Fe,Co,Ni)As2 Xn-xenotime (Y,Dy,Gd)PO4
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12.2 Samples and Sections
In total 148 samples were taken from the Guelb Moghrein mine lithologies. From these, 48
samples are open pit and the rest 100 were obtained from four continuous drill cores (RCGM
80, 88, 93 and 97). From 87 representative samples, 104 thin, -27 of them polished thin,
and 57 polished sections were made for petrographical investigation including mineral
identification using transmitted and reflected light microscopy, and further mineral
chemistry analyses utilizing Electron Micro Probe Analyzer (EMPA) as well as, Laser Ablation
Inductively-Coupled-Plasma Mass-Spectrometry (LA-ICP-MS). These samples represent all
rock types, hydrothermal alteration zones and associated high-grade ore zones.
Figure 12.1 Geological map of the Guelb Moghrein deposit showing the location of the pit
samples and the location of the four sampled drill cores (RCGM).
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Table 12.1 List of the measured major foliations S2 and S3, and lineations L2 and L3 from the
open pit mine.
S2 L2 S3 L3 S2 from F3 folds
dip direction dip trend plunge dip direction dip trend plunge dip direction dip
200 42 206 42 235 47 270 36 292 44
200 48 218 45 264 45 248 45 302 51
195 45 220 38 271 50 298 49 285 44
261 54 200 36 230 54 256 54 280 30
262 55 202 34 270 50 240 45 252 26
260 50 208 36 280 30 261 28 195 20
265 56 202 37 280 30 254 28 151 28
241 42 210 37 287 58 261 54 95 12
244 51 185 36 256 54 248 35 110 23
254 44 215 55 264 30 238 26 109 29
225 42 174 31 272 41 242 34 56 84
205 38 214 36 282 33 234 25 273 74
244 36 220 35 254 44 235 44 105 33
240 41 228 41 290 39 262 32 86 44
206 40 182 38 275 33 250 29 90 52
235 40 226 40 270 38 250 34
210 32 228 31 240 27 275 21
215 30 213 30 279 43 261 43
242 30 214 26 263 32 242 30
208 39 191 38 260 40 232 37
201 39 203 38 224 40 - -
205 39 211 39 264 40 - -
270 47 224 43 270 24 - -
261 51 223 43 274 37 - -
228 48 218 48 280 58 - -
222 39 220 39 315 43 - -
215 43 220 42 318 45 - -
206 41 194 38 275 52 - -
235 35 222 35 288 38 - -
257 30 243 52 270 40 - -
237 53 190 39 282 35 - -
206 40 200 36 276 35 - -
210 36 192 42 250 75 - -
208 44 - - 256 55 - -
198 33 - - 246 40 - -
195 34 - - 272 50 - -
268 25 - - 285 46 - -
285 30 - - 284 48 - -
242 44 - - 302 44 - -
204 30 - - 300 54 - -
210 30 - - 288 37 - -
225 37 - - 287 41 - -
215 21 - - 260 30 - -
248 28 - - 275 34 - -
248 30 - - 250 36 - -
230 30 - - 264 28 - -
224 20 - -
222 24 - -
202 56 - -
240 56 - -
227 41 - -
230 41 - -
208 28 - -
202 34 - -
230 30 - -
208 36 - -
210 45 - -
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Table 12.2 List of the analyzed pit samples, type and number of sections.
Sample Rock Dip direction
/dip
Sections
Thin section Polished thin Polished
GM1 Amph 224/40 26032-33
GM2 Amph 242/38 26034 26034
GM3 Chlor 198/33 26035
GM4 Bt-Act 285/38 26036 26036
GM5 Amph 164/60 26037 26037
GM6 BCGC 260/55 26038-39
GM7 BCGC 255/41 26040
GM8 BCGC 245/59 26041
GM9 Amph 16/50 26042 26042
GM10 BCGC 54/59 26043-44
GM11 BCGC 60/71 26045-46
GM12 Amph 245/31 26047 26047
GM13 Amph 242/60 26048
GM14 Qtz-Ser 267/40 26049
GM15 Qtz-Ser 262/45 26050-51
GM16 Qtz-Ser 244/39 26052
GM17 Qtz-Ser 232/28 26053-54
GM18 Qtz-Ser 205/31 26055-56
GM19 Bt-Act 205/80 26057
GM20 Qtz-Se 225/22 26058
GM21 Bt-Grt 255/17 26059 26059
GM22 Chlor 230/60 26060-61
GM23 BCGC 140/62 26062-63
GM24 Bt-Grt 259/30 26064 26064
GM25 Amph 110/69 26065
GM26 Bt-Grt 195/46 26066 26066
GM27 Chlor 289/50 26067
GM28 Chlor 320/40 26068
GM29 Chlor 298/40 26069-70
GM30 Fault Gouge 128/67 26071
GM31 BCGC 26072
GM32 Bt-Act 215/44 26073-74
GM33 Chlor 270/30 26075
GM34 Chlor 290/25 26076
GM35 Chlor 296/50 26077
GM36 Chlor 282/45 26078
GM37 Chlor 286/40 26079
GM38 Chlor 250/37 26080
GM39 Chlor 190/28 26081
GM40 Chlor 265/29 26082
DDGM1 Bt-Act 25196-97
DDGM2 BCGC 25198-99
DDGM3 Mcarb 25200 25200 26937
DDGM4 Brec 26935-36
DDGM5 Mcarb 26938-39
DDGM6 Ore 25201 25201 26940
DDGM7 Mcarb 26933
DDGM8 Mcarb 26934
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Table 12.3 List of the analyzed drill core samples, type and number of sections.
Sample Rock Depth Sections
Thin Polished thin Polished
8001 MCarb 104.6 25892 25892 27123-24
8002 Ore 106.8 25893-25927 27125-26
8003 MCarb 108.2 25894 25894 27127-28
8004 MCarb 110.6 27129
8005 MCarb 114.0 27130
8006 MCarb 116.6 27131
8007 MCarb 117.7 27132-33
8008 MCarb 119.5 25895 27134
8009 Phyl 121.2 27135
8010 Phyl 122.2 25896 25896
8011 MCarb 123.4 27136
8012 Ore 126.2 27137-38-27199
8013 MCarb 129.0 25897 25897 27139
8014 MCarb 129.8 27140
8016 MCarb 133.5 25898
8017 MCarb 133.9 25899-25900
8018 Ore 135.4 25901 27141
8019 Ore 135.5 25902 27142
8021 BCGC 141.8 25903
8022 BCGC 142.6 25904
8023 Ore 143.6 25905 25905 27143-44
8024 Ore 144.0 27145
8025 Ore 150.0 25906
8026 BCGC 150.9 25907 25907
9301 Bt-Act 89.5 26014 26014
9302 Bt-Act 90.7 26015 26015
9303 Bt-Act 94.8 26016 26016
9304 BCGC 106.7 26017-18 26018
9305 BCGC 109.6 26019-20
9306 BCGC 114.6 26021-22 26022
9307 BCGC 119.4 26023
9308 BCGC 122.2 26024
9309 BCGC 126.2 26025 26025
9310 MCarb 127.6 26026 27204
9311 Phyl 129.4 26027 26027 27205
9312 BCGC 134.6 26028 26028
9313 BCGC 137.0 26029 26029
9314 BCGC 144.8 26030
9315 BCGC 145.2 26031
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Table 12.3 List of the analyzed drill core samples, type and number of sections, continue.
Sample Rock Depth Sections
Thin Polished thin Polished
9702 Ore 75.2 27206-07
9704 Ore 79.2 27208-18
9707 Ore 89.4 27209
9708 Ore 94.4 27210
9709 Ore 98.6 27211
9710 Ore 104.5 27212
9719 Ore 121.4 27213
9722 Ore 128.1 27214
9724 Ore 131.0 27215
8812 Ore 97.4 27200
8814 Ore 100.6 27201
8815 Ore 104.9 27202
8821 Ore 124.6 27203
DDGM1 Bt-Act 25196-97
DDGM2 BCGC 25198-99
DDGM3 Mcarb 25200 25200 26937
DDGM4 Ore 26935-36
DDGM5 Mcarb 26938-39
DDGM6 Ore 25201 25201 26940
DDGM7 Mcarb 26933
DDGM8 Mcarb 26934
12.3 X-Ray Diffraction (XRD)
Mineral species were identified using a Siemens D-500 X-Ray Diffractometer (XRD) at RWTH
Aachen University. An approximate sample size of 1 cm3 (powder, 10 mm) is required,
although smaller quantities can alo be analyzed successfully. The sample is excited by a
collimated beam of x-rays, between 2angles of 2 and 72o, with voltage and current
settings of 45 kV and 35 mA, respectively. The x-rays are then diffracted by the crystalline
phases, according to Bragg’s law (=2d sinQ; where d is the spacing between atomic planes
in the crystalline phase). The intensity of the diffracted x-rays is measured as a function of
the diffraction angle (2q), specimen orientation and mineral chemistry. These diffraction
patterns are used to identify the mineral species and other structural properties. The
detection limits are dependent on the number and type of minerals present.
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Table 12.4 List of the samples analyzed by XRD and the identified minerals.
Sample Rock Minerals
Ab Parg Chl Qtz Bt Act Ms Cal Gru Grt Mt Sd Po Cp Mal Goe
GM2 Amph + + + + +
GM3 Chlor + + +
GM4 Bt-Act + + + + + +
GM6 Chlor + +
GM20 Qtz-Ser + + + + +
GM22 Chlor + + +
GM23 BCGC + + + + + + +
GM24 Bt-Grt + + + +
GM28 Chlor + +
GM33 Chlor + +
8801 Bt-Act + + + + +
8802 Bt-Act + + + + +
8803 Chlor + +
8804 BCGC + + + + +
8806 BCGC + + + + +
8808 BCGC + + + +
8809 Grun + +
8828 BCGC + + + + +
8830 BCGC + + + + +
8832 Bt-Act + + + + + +
8833 Phyl + +
8834 BCGC + + + + +
DDGM1 Bt-Act + + + + + +
DDGM2 BCGC + + + + +
DDGM3 Mcarb + +
DDGM4 Ore + + + + +
DDGM5 Mcarb
DDGM6 Ore + + + + +
DDGM7 Mcarb + +
DDGM8 Mcarb + + +
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12.4 Electron Micro Probe Analysis (EMPA)
The mineral chemical composition was determined using a JEOL-JXA-8900R Electron
Microprobe Analyzer (EMPA) at Institute of Mineralogy and Economic Geology, RWTH
Aachen University. Polished thin and polished sections were cleaned and coated with
graphite prior to the analysis. The analysis sites were initially located with the assistance of
a point logger or locally with back-scattered imaging and cathodoluminescence (CL). A
beam of electrons excites the sample, x-rays are analyzed and their intensities are
converted into concentrations. The x-rays are counted by five Wavelength Dispersive
Spectrometers (WDS), and the matrix effects are corrected using the ZAF software, which
combines the atomic number (Z), absorption (A) and fluorescent excitation (F) (Philibert
and Tixier 1968). A computer software program MINPET 2.02 was primarily used to
calculate the structural formula of the analyzed minerals (Richard 1997).
The machine operating conditions including the standards used, accelerating voltage,
diffusion and beam current for silicates, carbonates and phosphates are shown in Table 12.5
and for oxides and sulfides in Table 12.6. The detection limits for these groups of minerals
are shown in Table 12.7 and 12.8, respectively. The chemical compositions of the analyzed
silicates, carbonates and phosphates, oxides and sulfide minerals are presented in Tables
12.7-12.41.
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Table 12.5 Measurement conditions and standards used for electron microprobe analysis of
silicate, phosphate and carbonate minerals.
Mineral Amphibole Apatite Biotite Siderite Chlorite Garnet Plagioclase
Program Amp Ap Bt Sid Chlorite Grt Plg
Acc. V (kV) 15 15 15 15 15 15 15
Diffusion (µm) 3 10 3 10 3 3 3
Current (nA) 2,31 2,37 2,36 2,36 2,35 2,36 2,36
Si Pl64 Pl64 Pl64 Am130 Or79
Ti Ru83 Ru83 Ru83 Ru83 Ru83
Al Pl64 Or79 Pl64 Am130 Pl64
Fe Fa66 Fa66 Fa66 Fa66 Fa66 Fa66 Fa66
Mn Mn133 Fa66 Mn133 Mn133 Mn133 Mn133
Mg Sp761 Sp761 Sp761 Sp761 Sp167
Ca Pl64 Ap44 Pl64 Ap70 Pl64 Di60 Pl64
Na J107 J107 J107 Jl07 J107 J107 J107
K Or79 Or79 Or79 Or79 Or79
P Ap44
Cr Cr54
Pb PbS2
Ba Ba89 Ba89
Sr Coel1062 Coel1062 Coel106
F Ap44 Ap44
Cl Tug34 Tug34 Tug34
Notes: Pl =Plagioclase, Ru=Rutile, Tug=Tugtupite, Fa=Fayalite, Sp=Spinel, Or=Ortoclase, J=Jadeite, Ap=Apatite,
Am=Hornblende, Di=Diopside, Cr=Chromium, Fl=Fluorite, Ba=Barite, Mn=Manganese oxide, Pb=Galena, and
Coel=Coelestine. All analyses were corrected by ZAF, excluded apatite was corrected by PRZ program.
Table 12.6 Measurement conditions and standards used for electron microprobe analysis of
oxide and sulfide minerals.
Mineral Chalcopyrite Pyrrhotite Arsenopyrite Bi-Au-Ag-Te minerals Magnetite
Program Ccp Pyrh Asp Gold-Bi Magn
Acc. V (kV) 25 25 25 25 15
Diffusion (µm) 3 3 3 3 3
Current (nA) 2,78 2,76 2,75 2,73 2,46
Si Pl64
Ti Ru83
Al Sp761
Fe CuFeS Py325 Py325 Mag53
Mn Mn133
Mg Sp761
Cr Cr54
V V28
S CuFeS Py325 Py325 Py325
Ni NiAs NiAs
Co Co21 Co21
Cu CuFeS CuFeS CuFeS
Au Au38 Au38 Au38 Au38
As Asp123 Asp123
Ag Ag23 Ag23 Ag23 Ag23
Bi Bi5
Te Te
Notes: CuFeS=Chalcopyrite, Py=Pyrite, Cu=Copper, Au=Gold, Ag=Silver, Co=Cobalt, NiAs=Nickel Arsenide,
Asp=Arsenopyrite, Cd=Cadmium, GaAs=Gallium Arsenide, In=Indium, Pl =Plagioclase, Ru=Rutile,.
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Table 12.7 Detection limits (wt.%) for electron microprobe analysis of silicate, phosphate
and carbonate minerals.
Mineral Amphibole Apatite Biotite Siderite Chlorite Garnet Plagioclase
Program Amp Ap Bt Sid Chlorite Grt Plg
Acc. V (kV) 15 15 15 15 15 15 15
Diffusion (µm) 3 10 3 10 3 3 3
Current (nA) 2,31 2,37 2,36 2,36 2,35 2,36 2,36
Si 0,02 0,004 0,01 0,01 0,01
Ti 0,02 0,008 0,03 0,03 0,02
Al 0,009 0,003 0,009 0,01 0,01
Fe 0,02 0,006 0,006 0,02 0,02 0,02 0,02
Mn 0,02 0,005 0,02 0,02 0,02 0,01
Mg 0,01 0,004 0,007 0,01 0,008
Ca 0,01 0,004 0,004 0,01 0,01 0,02 0,01
Na 0,01 0,003 0,003 0,009 0,008 0,01 0,01
K 0,01 0,003 0,01 0,01 0,01
P 0,01
Cr 0,02
Pb 0,05
Ba 0,03 0,03
Sr 0,006 0,02 0,01
F 0,02 0,02
Cl 0,003 0,003 0,009
Table 12.8 Detection limits (wt.%) for electron microprobe analysis of oxide and sulfide
minerals.
Mineral Chalcopyrite Pyrrhotite Magnetite Arsenopyrite Bi-Au-Ag-Te minerals
Program Ccp Pyrh Magn Asp Gold-Bi
Acc. V (kV) 25 25 15 25 25
Diffusion (µm) 3 3 3 3 3
Current (nA) 2,78 2,76 2,46 2,75 2,73
Si
Ti 0,03
Al 0,01
Fe 0,01 0,01 0,02
Mn 0,02
Mg 0,01
Cr 0,03
V 0,02
S 0,01 0,01 0,01 0,01
Ni 0,01 0,01
Co 0,01 0,01
Cu 0,01 0,01 0,01
Au 0,04 0,04 0,04 0,04
As 0,02 0,02
Ag 0,02 0,02 0,02 0,02
Bi 0,01
Te 0,01
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12.4.1 Silicate, phosphate and carbonate minerals
Table 12.9 Electron microprobe analyses of plagioclase from the amphibolite of the Akjoujt Metabasalt unit.
An. No. 1 2 3 4 5 6 7 8 9 10 12 13 14 15 16 17 18 19 20 21 22 23
T-S No. 26034 26034 26034 26034 26034 26034 26034 26034 26034 26034 26037 26037 26037 26037 26037 26037 26037 26037 26037 26042 26042 26042
Rock Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph
wt.%
SiO2 67,73 67,71 67,05 67,60 67,38 67,37 68,13 68,24 68,11 68,01 67,73 67,71 67,05 67,60 67,38 67,37 68,13 68,24 68,11 66,42 66,88 67,22
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl 0,04 bdl
Al2O3 19,93 20,01 20,35 20,23 20,37 20,49 20,10 20,36 20,13 20,40 19,93 20,01 20,35 20,23 20,37 20,49 20,10 20,36 20,13 21,71 21,05 20,41
FeO 0,04 0,07 0,02 0,05 0,07 0,02 0,03 bdl 0,09 0,04 0,04 0,07 0,02 0,05 0,07 0,02 0,03 bdl 0,09 0,28 0,33 0,19
CaO 0,22 0,36 0,45 0,10 0,34 0,36 0,41 0,36 0,67 0,29 0,22 0,36 0,45 0,10 0,34 0,36 0,41 0,36 0,67 1,51 0,90 0,21
Na2O 10,88 10,68 11,01 10,91 10,75 10,88 10,71 10,78 10,69 11,00 10,88 10,68 11,01 10,91 10,75 10,88 10,71 10,78 10,69 10,22 10,56 11,06
K2O 0,03 0,02 bdl 0,04 0,04 0,02 0,03 0,03 0,02 0,04 0,03 0,02 bdl 0,04 0,04 0,02 0,03 0,03 0,02 0,02 0,04 0,05
Total 98,84 98,85 98,88 98,93 98,95 99,13 99,41 99,77 99,74 99,78 98,84 98,85 98,88 98,93 98,95 99,13 99,41 99,77 99,74 100,16 99,79 99,12
Structural formula based on 32 oxygens
Si 11,94 11,93 11,84 11,90 11,87 11,85 11,93 11,91 11,91 11,88 11,94 11,93 11,84 11,90 11,87 11,85 11,93 11,91 11,91 11,61 11,72 11,84
Al 4,14 4,15 4,23 4,20 4,23 4,24 4,15 4,19 4,14 4,20 4,14 4,15 4,23 4,20 4,23 4,24 4,15 4,19 4,14 4,47 4,35 4,23
Fe2 0,01 0,01 0 0,01 0,01 0 0 0 0,01 0,01 0,01 0,01 0 0,01 0,01 0 0 0 0,01 0,04 0,05 0,03
Ca 0,04 0,07 0,09 0,02 0,07 0,07 0,08 0,07 0,13 0,06 0,04 0,07 0,09 0,02 0,07 0,07 0,08 0,07 0,13 0,28 0,17 0,04
Na 3,72 3,65 3,77 3,73 3,67 3,71 3,64 3,65 3,62 3,73 3,72 3,65 3,77 3,73 3,67 3,71 3,64 3,65 3,62 3,47 3,59 3,78
K 0,01 0,01 0 0,01 0,01 0 0,01 0,01 0 0,01 0,01 0,01 0 0,01 0,01 0 0,01 0,01 0 0 0,01 0,01
Cations 19,85 19,81 19,93 19,86 19,85 19,88 19,81 19,82 19,83 19,88 19,85 19,81 19,93 19,86 19,85 19,88 19,81 19,82 19,83 19,88 19,89 19,93
Ab 98,7 98,1 97,8 99,3 98,0 98,1 97,7 98,0 96,5 98,3 98,7 98,1 97,8 99,3 98,0 98,1 97,7 98,0 96,5 92,4 95,3 98,7
An 1,1 1,8 2,2 0,5 1,7 1,8 2,1 1,8 3,4 1,5 1,1 1,8 2,2 0,5 1,7 1,8 2,1 1,8 3,4 7,5 4,5 1,0
Or 0,2 0,1 0,0 0,3 0,2 0,1 0,2 0,2 0,1 0,2 0,2 0,1 0 0,3 0,2 0,1 0,2 0,2 0,1 0,1 0,2 0,3
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.9 Electron microprobe analyses of plagioclase from the amphibolite of the Akjoujt Metabasalt unit, continue.
An. No. 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
T-S No. 26042 26042 26042 26042 26042 26042 26042 26042 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047
Rock Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph Amph
wt.%
SiO2 67,01 67,19 66,69 67,09 66,90 68,04 67,41 70,60 67,45 68,96 67,08 67,48 67,23 67,08 67,05 66,90 67,28 66,95 67,50 67,59 67,49 67,45 66,84
TiO2 bdl bdl bdl bdl bdl 0,04 0,01 bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl bdl bdl 0,00 0,02
Al2O3 20,82 21,28 20,85 19,47 20,71 20,58 20,07 18,71 19,45 18,53 19,95 20,05 19,92 20,24 20,80 21,00 20,60 20,42 20,84 20,96 21,04 20,24 20,60
FeO 0,32 0,40 0,30 0,38 0,26 0,28 0,55 0,30 0,12 0,14 0,13 0,13 0,24 0,19 0,53 0,12 0,11 0,16 0,13 0,28 0,16 0,25 0,42
CaO 0,86 0,80 0,77 0,47 0,56 0,27 0,11 0,92 0,60 0,20 0,95 0,32 0,54 0,65 0,75 0,75 0,79 1,21 0,53 0,58 0,86 0,13 0,53
Na2O 10,74 10,74 11,00 11,25 10,75 10,93 10,81 9,05 10,82 10,69 10,44 10,65 10,72 10,69 9,88 10,59 10,63 10,76 10,57 10,64 10,52 10,77 10,82
K2O 0,05 0,03 0,02 0,00 0,01 0,03 0,03 0,03 0,06 0,03 0,04 0,05 0,05 0,05 0,05 0,04 0,06 0,03 0,02 0,03 0,04 0,05 0,03
Total 99,81 100,45 99,63 98,66 99,19 100,16 98,99 99,61 98,49 98,56 98,59 98,68 98,69 98,91 99,06 99,43 99,47 99,53 99,59 100,08 100,11 98,88 99,26
Structural formula based on 32 oxygens
Si 11,75 11,71 11,73 11,90 11,78 11,86 11,89 12,26 11,95 12,16 11,88 11,92 11,89 11,85 11,81 11,75 11,81 11,78 11,82 11,79 11,77 11,89 11,78
Al 4,30 4,37 4,32 4,07 4,30 4,22 4,17 3,83 4,06 3,85 4,16 4,17 4,15 4,21 4,31 4,34 4,26 4,23 4,30 4,31 4,32 4,20 4,28
Fe2 0,05 0,06 0,04 0,06 0,04 0,04 0,08 0,04 0,02 0,02 0,02 0,02 0,04 0,03 0,08 0,02 0,02 0,02 0,02 0,04 0,02 0,04 0,06
Ca 0,16 0,15 0,15 0,09 0,11 0,05 0,02 0,17 0,11 0,04 0,18 0,06 0,10 0,12 0,14 0,14 0,15 0,23 0,10 0,11 0,16 0,02 0,10
Na 3,65 3,63 3,75 3,87 3,67 3,69 3,70 3,05 3,72 3,66 3,59 3,65 3,68 3,66 3,37 3,61 3,62 3,67 3,59 3,60 3,56 3,68 3,70
K 0,01 0,01 0,01 0 0 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0 0,01 0,01 0,01 0,01
Cations 19,93 19,92 19,99 19,99 19,90 19,87 19,87 19,35 19,88 19,74 19,83 19,82 19,87 19,88 19,72 19,87 19,87 19,94 19,82 19,85 19,85 19,85 19,93
Ab 95,5 95,9 96,2 97,7 97,2 98,5 99,2 94,4 96,7 98,8 95,0 98,1 97,0 96,4 95,6 96,0 95,7 94,0 97,2 96,9 95,4 99,1 97,2
An 4,2 4,0 3,7 2,3 2,8 1,3 0,5 5,3 2,9 1,1 4,7 1,6 2,7 3,3 4,0 3,7 3,9 5,8 2,7 2,9 4,3 0,6 2,6
Or 0,3 0,2 0,1 0 0,1 0,2 0,2 0,2 0,3 0,2 0,2 0,3 0,3 0,3 0,3 0,2 0,3 0,2 0,1 0,2 0,3 0,3 0,2
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.10 Electron microprobe analyses of plagioclase from the biotite-actinolite schist of the Akjoujt Metabasalt unit.
An. No. 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69
T-S No. 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 65,13 66,92 66,44 67,71 66,99 68,10 67,03 67,63 67,17 68,30 67,63 67,84 67,33 67,43 67,26 66,98 66,71 68,00 67,21 68,56 68,41 67,82 68,55
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Al2O3 20,11 19,78 20,39 19,62 20,21 19,79 20,42 20,18 20,34 19,68 20,14 20,13 20,39 20,43 20,50 20,58 20,95 20,08 20,35 19,63 19,79 20,07 20,13
FeO 1,52 0,55 0,96 0,10 0,12 0,07 0,13 0,12 0,16 0,15 0,04 0,22 0,15 0,16 0,18 0,14 0,07 0,09 0,16 0,17 0,23 0,31 0,14
CaO 0,70 0,69 0,45 0,18 0,93 0,19 0,72 0,59 0,64 0,11 0,56 0,16 0,81 0,79 0,70 1,18 1,31 0,36 1,23 0,15 0,39 0,39 0,35
Na2O 11,22 11,03 10,94 11,74 11,06 11,33 11,31 11,13 11,45 11,52 11,45 11,51 11,23 11,10 11,25 11,03 10,92 11,49 11,13 11,57 11,28 11,50 11,14
K2O 0,05 0,04 0,06 0,02 0,04 0,03 0,04 0,02 0,04 0,04 0,03 0,02 0,03 0,04 0,03 bdl 0,03 0,06 0,03 0,01 0,05 0,11 bdl
Total 98,74 99,01 99,25 99,36 99,34 99,50 99,65 99,68 99,80 99,80 99,84 99,88 99,93 99,93 99,92 99,92 99,99 100,07 100,11 100,09 100,14 100,19 100,31
Structural formula based on 32 oxygens
Si 11,66 11,85 11,76 11,92 11,81 11,94 11,78 11,86 11,79 11,95 11,85 11,88 11,80 11,81 11,79 11,75 11,70 11,88 11,77 11,97 11,94 11,86 11,92
Al 4,24 4,13 4,25 4,07 4,19 4,09 4,23 4,17 4,21 4,06 4,16 4,15 4,21 4,21 4,23 4,25 4,33 4,13 4,20 4,03 4,07 4,13 4,12
Fe2 0,23 0,08 0,14 0,01 0,02 0,01 0,02 0,02 0,02 0,02 0,01 0,03 0,02 0,02 0,03 0,02 0,01 0,01 0,02 0,02 0,03 0,05 0,02
Ca 0,13 0,13 0,09 0,03 0,18 0,04 0,14 0,11 0,12 0,02 0,11 0,03 0,15 0,15 0,13 0,22 0,25 0,07 0,23 0,03 0,07 0,07 0,07
Na 3,90 3,79 3,75 4,01 3,78 3,85 3,86 3,79 3,90 3,91 3,89 3,91 3,82 3,77 3,82 3,75 3,71 3,89 3,78 3,92 3,82 3,90 3,76
K 0,01 0,01 0,01 0 0,01 0,01 0,01 0 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0 0,01 0,01 0,01 0 0,01 0,02 0
Cations 20,17 19,98 20,00 20,05 19,98 19,94 20,03 19,95 20,05 19,97 20,01 20,00 20,00 19,97 20,01 20,00 19,99 20,00 20,01 19,97 19,94 20,03 19,89
Ab 96,4 96,4 97,5 99,1 95,3 98,9 96,4 97,1 96,8 99,3 97,2 99,1 96,0 96,0 96,5 94,4 93,6 98,0 94,1 99,2 97,8 97,6 98,2
An 3,3 3,3 2,2 0,8 4,4 0,9 3,4 2,8 3,0 0,5 2,6 0,8 3,8 3,7 3,3 5,6 6,2 1,7 5,8 0,7 1,8 1,8 1,7
Or 0,3 0,2 0,3 0,1 0,2 0,2 0,2 0,1 0,2 0,2 0,2 0,1 0,2 0,2 0,2 0 0,2 0,3 0,1 0,1 0,3 0,6 0
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.10 Electron microprobe analyses of plagioclase from the biotite-actinolite schist of the Akjoujt Metabasalt unit, continue.
An. No. 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92
T-S No. 26014 26014 26014 26014 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26015 26016
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 67,87 68,06 68,25 69,15 67,42 66,88 67,00 67,05 67,80 67,93 67,05 67,58 67,38 67,87 68,09 67,80 68,32 67,93 67,52 68,23 68,18 68,55 67,40
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Al2O3 20,37 20,23 20,10 19,86 20,00 20,31 19,75 20,26 19,95 20,09 20,48 20,18 20,30 20,15 20,09 20,01 20,11 20,38 20,01 20,13 20,36 20,33 20,17
FeO 0,15 0,12 0,14 0,19 0,14 0,15 0,29 0,13 0,10 0,17 0,15 0,24 0,11 0,18 0,14 0,12 0,07 0,19 0,19 0,15 0,16 0,16 0,11
CaO 0,80 0,69 0,34 0,37 0,50 0,46 1,30 0,76 0,49 0,41 0,93 0,59 0,63 0,45 0,40 0,52 0,32 0,51 1,01 0,32 0,66 0,37 0,71
Na2O 11,14 11,19 11,68 11,14 11,11 11,13 10,90 11,25 11,17 10,96 10,98 11,04 11,30 11,31 11,22 11,66 11,31 11,25 11,49 11,41 11,41 11,39 10,92
K2O 0,02 0,04 0,01 0,02 0,02 0,32 0,03 0,01 0,01 0,03 0,03 0,04 0,03 0,01 0,03 0,03 0,03 0,03 0,04 0,03 0,01 0,02 0,04
Total 100,34 100,33 100,53 100,73 99,18 99,24 99,28 99,46 99,52 99,58 99,63 99,67 99,76 99,96 99,97 100,14 100,17 100,29 100,25 100,26 100,79 100,83 99,35
Structural formula based on 32 oxygens
Si 11,83 11,86 11,88 11,98 11,88 11,81 11,83 11,80 11,90 11,90 11,78 11,86 11,82 11,87 11,90 11,86 11,91 11,84 11,82 11,89 11,84 11,88 11,85
Al 4,18 4,15 4,12 4,05 4,15 4,22 4,11 4,20 4,12 4,15 4,24 4,17 4,19 4,15 4,13 4,12 4,13 4,19 4,12 4,13 4,16 4,15 4,18
Fe2 0,02 0,02 0,02 0,03 0,02 0,02 0,04 0,02 0,02 0,03 0,02 0,04 0,02 0,03 0,02 0,02 0,01 0,03 0,03 0,02 0,02 0,02 0,02
Ca 0,15 0,13 0,06 0,07 0,09 0,09 0,25 0,14 0,09 0,08 0,18 0,11 0,12 0,08 0,08 0,10 0,06 0,09 0,19 0,06 0,12 0,07 0,13
Na 3,77 3,78 3,94 3,74 3,80 3,81 3,73 3,84 3,80 3,72 3,74 3,76 3,84 3,84 3,80 3,95 3,82 3,80 3,90 3,86 3,84 3,83 3,73
K 0,01 0,01 0 0,01 0,01 0,07 0,01 0 0 0,01 0,01 0,01 0,01 0 0,01 0,01 0,01 0,01 0,01 0,01 0 0,01 0,01
Cations 19,96 19,95 20,03 19,87 19,94 20,02 19,98 20,01 19,93 19,88 19,97 19,94 20,00 19,97 19,93 20,05 19,94 19,96 20,07 19,97 19,99 19,95 19,92
Ab 96,0 96,5 98,4 98,1 97,5 96,0 93,7 96,3 97,5 97,8 95,3 96,9 96,8 97,8 97,9 97,4 98,2 97,4 95,2 98,3 96,8 98,1 96,3
An 3,8 3,3 1,6 1,8 2,4 2,2 6,2 3,6 2,4 2,0 4,5 2,9 3,0 2,1 1,9 2,4 1,6 2,4 4,6 1,5 3,1 1,8 3,5
Or 0,1 0,2 0 0,1 0,1 1,8 0,2 0,1 0,1 0,2 0,2 0,2 0,2 0 0,2 0,2 0,2 0,2 0,2 0,2 0,1 0,1 0,2
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.10 Electron microprobe analyses of plagioclase from the biotite-actinolite schist of the Akjoujt Metabasalt unit, continue.
An. No. 93 94 95 96 97 98 99 100 101 102 103 104
T-S No. 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 66,85 67,50 66,64 68,07 67,35 67,28 68,16 67,90 66,89 67,33 67,70 67,98
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Al2O3 19,84 20,23 20,90 19,90 20,39 20,63 19,98 20,11 20,60 20,67 20,46 20,56
FeO 0,12 0,08 0,10 0,17 0,23 0,05 0,17 0,17 0,31 0,11 0,10 0,14
CaO 1,15 0,67 1,10 0,14 0,73 0,89 0,19 0,52 0,80 1,11 0,63 0,83
Na2O 11,01 11,15 10,92 11,39 11,05 11,00 11,32 11,20 10,92 10,78 11,29 11,19
K2O 0,05 0,03 0,03 0,02 0,06 0,02 0,02 0,03 0,36 0,01 0,03 0,04
Total 99,01 99,66 99,70 99,70 99,81 99,87 99,84 99,92 99,87 100,01 100,22 100,74
Structural formula based on 32 oxygens
Si 11,83 11,84 11,71 11,92 11,81 11,78 11,92 11,88 11,75 11,78 11,82 11,81
Al 4,13 4,18 4,32 4,11 4,21 4,25 4,12 4,14 4,26 4,26 4,21 4,21
Fe2 0,02 0,01 0,02 0,03 0,03 0,01 0,02 0,02 0,05 0,02 0,02 0,02
Ca 0,22 0,13 0,21 0,03 0,14 0,17 0,04 0,10 0,15 0,21 0,12 0,16
Na 3,78 3,80 3,72 3,87 3,76 3,74 3,84 3,80 3,72 3,65 3,82 3,77
K 0,01 0,01 0,01 0 0,01 0,01 0 0,01 0,08 0 0,01 0,01
Cations 19,99 19,96 19,99 19,96 19,97 19,95 19,94 19,95 20,01 19,92 19,99 19,97
Ab 94,3 96,6 94,6 99,2 96,1 95,6 99,0 97,3 94,2 94,5 96,9 95,8
An 5,4 3,2 5,3 0,7 3,5 4,3 0,9 2,5 3,8 5,4 3,0 3,9
Or 0,2 0,2 0,2 0,1 0,4 0,1 0,1 0,2 2,1 0,1 0,2 0,3
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.11 Electron microprobe analyses of plagioclase from the biotite-chlorite-grunerite-calcite alteration zone.
An. No. 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127
T-S No. 26020 26020 26020 26020 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26025 26025 26025 26025
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 67,86 68,08 67,44 68,16 67,87 67,82 67,91 67,37 67,70 67,88 68,55 68,08 67,97 68,30 68,07 68,41 68,24 68,19 67,79 67,72 69,54 67,63 68,03
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Al2O3 19,55 19,59 20,08 20,03 19,24 19,38 19,46 20,14 19,97 19,90 19,60 19,86 20,15 19,78 20,10 19,95 20,17 20,04 20,35 19,84 18,53 19,89 19,74
FeO 0,00 0,02 0,06 0,02 0,02 0,07 0,08 0,07 0,06 0,04 0,03 0,06 0,06 0,06 0,07 0,07 0,09 0,13 0,04 0,07 0,15 0,08 0,07
CaO 0,15 0,14 0,45 0,30 0,12 0,32 0,39 0,56 0,29 0,18 0,11 0,13 0,38 0,25 0,32 0,26 0,24 0,14 0,50 0,25 0,24 0,24 0,02
Na2O 11,59 11,37 11,35 11,41 11,60 11,41 11,48 11,24 11,50 11,57 11,39 11,58 11,19 11,42 11,41 11,27 11,42 11,68 11,52 11,17 10,59 11,35 11,37
K2O 0,02 0,03 0,03 0,07 0,02 0,05 0,01 0,04 0,03 0,04 0,02 0,03 0,02 bdl 0,02 0,03 bdl 0,03 0,03 0,03 0,03 0,01 0,03
Total 99,17 99,24 99,41 99,99 98,87 99,05 99,32 99,41 99,55 99,60 99,69 99,75 99,77 99,80 99,99 99,99 100,17 100,22 100,23 99,08 99,07 99,19 99,27
Structural formula based on 32 oxygens
Si 11,95 11,97 11,86 11,91 11,99 11,96 11,95 11,85 11,89 11,91 11,99 11,92 11,89 11,94 11,89 11,94 11,90 11,90 11,83 11,93 12,19 11,91 11,96
Al 4,06 4,06 4,16 4,12 4,00 4,03 4,03 4,17 4,13 4,11 4,04 4,10 4,15 4,07 4,14 4,10 4,14 4,12 4,18 4,12 3,83 4,12 4,09
Fe2 0 0 0,01 0 0 0,01 0,01 0,01 0,01 0,01 0 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,02 0,01 0,01
Ca 0,03 0,03 0,09 0,06 0,02 0,06 0,07 0,11 0,06 0,03 0,02 0,02 0,07 0,05 0,06 0,05 0,05 0,03 0,09 0,05 0,05 0,05 0,00
Na 3,96 3,88 3,87 3,87 3,97 3,90 3,92 3,83 3,92 3,94 3,86 3,93 3,79 3,87 3,86 3,82 3,86 3,95 3,90 3,81 3,60 3,87 3,88
K 0,01 0,01 0,01 0,02 0,01 0,01 0 0,01 0,01 0,01 0 0,01 0 0 0 0,01 0 0,01 0,01 0,01 0,01 0 0,01
Cations 20,00 19,94 19,99 19,97 19,99 19,98 19,99 19,98 20,00 20,00 19,92 19,99 19,93 19,95 19,97 19,92 19,96 20,02 20,02 19,92 19,69 19,96 19,94
Ab 99,2 99,1 97,7 98,2 99,3 98,2 98,1 97,1 98,5 98,9 99,4 99,2 98,0 98,8 98,4 98,6 98,8 99,1 97,5 98,6 98,6 98,8 99,8
An 0,7 0,7 2,1 1,4 0,6 1,5 1,8 2,7 1,4 0,9 0,5 0,6 1,9 1,2 1,5 1,2 1,2 0,7 2,3 1,2 1,2 1,1 0,1
Or 0,1 0,2 0,2 0,4 0,1 0,3 0,1 0,2 0,2 0,2 0,1 0,2 0,1 0 0,1 0,2 0 0,2 0,2 0,2 0,2 0 0,2
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.11 Electron microprobe analyses of plagioclase from the biotite-chlorite-grunerite-calcite alteration zone, continue.
An. No. 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150
T-S No. 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26025 26028 26029 26029 26029 26029 26029 26029
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 67,93 66,81 68,13 68,11 67,85 67,99 68,17 67,46 68,40 67,86 68,42 68,20 68,61 68,48 68,19 68,58 67,44 66,90 66,90 67,02 68,20 66,24 67,63
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl 0,03 bdl 0,03 0,03
Al2O3 19,73 20,09 19,58 19,81 20,04 19,94 19,98 20,29 19,80 20,26 19,89 20,15 20,04 19,95 20,28 19,85 20,71 20,26 20,41 20,55 19,38 21,19 20,21
FeO 0,07 0,12 0,08 0,10 0,03 0,05 0,07 0,04 0,14 0,07 0,15 0,02 0,09 0,09 0,22 0,17 0,41 0,14 0,09 0,16 0,16 0,19 0,22
CaO 0,26 1,04 0,15 0,25 0,21 0,28 0,29 0,73 0,13 0,57 0,08 0,33 0,15 0,23 0,32 0,12 0,34 0,48 0,52 0,41 0,30 1,46 0,42
Na2O 11,34 11,27 11,49 11,22 11,60 11,48 11,15 11,26 11,52 11,28 11,44 11,40 11,37 11,48 11,35 11,66 10,72 10,69 10,61 10,61 10,90 10,00 10,83
K2O 0,02 0,04 0,03 0,04 0,04 0,01 0,05 0,03 0,02 0,04 0,02 0,03 0,02 0,05 0,04 0,04 0,05 0,04 0,04 0,02 0,02 0,03 0,03
Total 99,34 99,37 99,47 99,54 99,76 99,74 99,70 99,80 100,02 100,08 100,01 100,12 100,26 100,28 100,39 100,42 99,71 98,51 98,57 98,81 98,95 99,14 99,37
Structural formula based on 32 oxygens
Si 11,94 11,79 11,96 11,94 11,89 11,91 11,93 11,83 11,94 11,85 11,94 11,90 11,94 11,93 11,87 11,94 11,81 11,85 11,84 11,83 12,01 11,68 11,88
Al 4,08 4,17 4,05 4,09 4,13 4,11 4,12 4,19 4,07 4,17 4,09 4,14 4,11 4,09 4,16 4,07 4,27 4,23 4,25 4,27 4,02 4,40 4,18
Fe2 0,01 0,02 0,01 0,02 0 0,01 0,01 0,01 0,02 0,01 0,02 0 0,01 0,01 0,03 0,03 0,06 0,02 0,01 0,02 0,02 0,03 0,03
Ca 0,05 0,20 0,03 0,05 0,04 0,05 0,05 0,14 0,02 0,11 0,02 0,06 0,03 0,04 0,06 0,02 0,06 0,09 0,10 0,08 0,06 0,28 0,08
Na 3,86 3,86 3,91 3,81 3,94 3,90 3,78 3,83 3,90 3,82 3,87 3,85 3,83 3,88 3,83 3,94 3,64 3,67 3,64 3,63 3,72 3,42 3,69
K 0 0,01 0,01 0,01 0,01 0 0,01 0,01 0 0,01 0,00 0,01 0 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0 0,01 0,01
Cations 19,95 20,05 19,97 19,92 20,01 19,98 19,90 19,99 19,97 19,97 19,95 19,96 19,92 19,97 19,96 20,00 19,87 19,87 19,85 19,85 19,84 19,82 19,87
Ab 98,7 94,9 99,1 98,6 98,8 98,6 98,3 96,4 99,3 97,1 99,5 98,3 99,1 98,7 98,2 99,2 98,0 97,3 97,1 97,8 98,4 92,4 97,7
An 1,2 4,8 0,7 1,2 1,0 1,3 1,4 3,5 0,6 2,7 0,4 1,6 0,7 1,1 1,5 0,6 1,7 2,4 2,6 2,1 1,5 7,5 2,1
Or 0,1 0,2 0,2 0,2 0,2 0,1 0,3 0,2 0,1 0,2 0,1 0,2 0,1 0,3 0,2 0,3 0,3 0,3 0,3 0,1 0,1 0,2 0,2
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.12 Electron microprobe analyses of amphiboles from the amphibolite of the Akjoujt Metabasalt unit.
Type ferro/an-pargasite
An. No. 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
T-S No. 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037 26037
Rock Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
wt.%
SiO2 40,22 40,81 40,89 40,57 40,47 39,86 40,44 39,90 39,46 38,84 39,99 40,54 39,99 38,67 39,89 38,88 39,80 40,03
TiO2 0,32 0,26 0,22 0,26 0,26 0,21 0,19 0,28 0,19 0,15 0,27 0,38 0,21 0,20 0,18 0,21 0,24 0,26
Al2O3 15,07 14,55 15,22 15,24 16,17 16,86 16,16 17,00 15,96 18,77 15,78 15,96 16,40 16,52 16,10 16,45 16,83 16,40
FeO 23,76 23,07 23,44 22,92 22,39 23,05 22,76 22,76 23,43 22,94 22,90 22,56 23,31 23,84 22,88 23,64 22,79 23,11
MnO 0,18 0,21 0,17 0,14 0,15 0,19 0,14 0,13 0,20 0,16 0,16 0,18 0,18 0,15 0,13 0,15 0,13 0,13
MgO 4,67 5,18 4,68 4,55 4,48 4,37 4,53 4,26 3,99 3,50 4,63 4,61 4,23 3,97 4,09 3,99 4,04 3,96
CaO 11,49 11,22 11,09 11,64 11,48 11,42 11,55 11,67 11,09 11,78 11,63 11,40 11,37 11,29 11,22 11,31 11,76 11,62
Na2O 1,92 2,11 2,16 2,01 2,05 2,18 2,12 2,20 2,20 2,07 2,16 2,28 2,29 2,21 2,27 2,23 2,16 2,19
K 2O 0,26 0,23 0,34 0,29 0,40 0,30 0,33 0,25 0,34 0,44 0,31 0,29 0,30 0,36 0,30 0,37 0,38 0,41
Total 97,88 97,65 98,19 97,63 97,85 98,41 98,22 98,45 96,86 98,65 97,82 98,19 98,26 97,19 97,06 97,22 98,12 98,11
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al. 1981)
TSi 6,16 6,25 6,25 6,24 6,20 6,07 6,17 6,08 6,13 5,92 6,14 6,19 6,12 5,99 6,18 6,03 6,10 6,15
TAl 1,84 1,75 1,76 1,76 1,80 1,93 1,83 1,92 1,87 2,09 1,86 1,81 1,88 2,01 1,82 1,98 1,90 1,85
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,88 0,88 0,98 1,00 1,11 1,09 1,08 1,13 1,05 1,28 0,99 1,07 1,07 1,01 1,12 1,03 1,14 1,12
CFe3 0,38 0,31 0,26 0,13 0,13 0,24 0,16 0,15 0,23 0,16 0,20 0,14 0,20 0,35 0,15 0,29 0,09 0,09
CTi 0,04 0,03 0,03 0,03 0,03 0,02 0,02 0,03 0,02 0,02 0,03 0,04 0,02 0,02 0,02 0,03 0,03 0,03
CMg 1,07 1,18 1,06 1,04 1,02 0,99 1,03 0,97 0,92 0,79 1,06 1,05 0,97 0,92 0,95 0,92 0,92 0,91
CFe2 2,62 2,59 2,66 2,78 2,69 2,64 2,71 2,72 2,76 2,74 2,71 2,69 2,73 2,69 2,76 2,73 2,82 2,85
CMn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 0,04 0,06 0,08 0,03 0,05 0,05 0,04 0,04 0,06 0,03 0,03 0,05 0,05 0,05 0,06 0,05 0,02 0,03
BMn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
BCa 1,89 1,84 1,81 1,92 1,88 1,86 1,89 1,91 1,85 1,92 1,91 1,87 1,86 1,88 1,86 1,88 1,93 1,91
BNa 0,06 0,08 0,10 0,04 0,06 0,07 0,06 0,05 0,08 0,04 0,05 0,07 0,07 0,07 0,07 0,07 0,04 0,05
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,51 0,54 0,54 0,56 0,55 0,57 0,57 0,60 0,58 0,57 0,60 0,60 0,61 0,60 0,61 0,60 0,61 0,60
AK 0,05 0,05 0,07 0,06 0,08 0,06 0,06 0,05 0,07 0,09 0,06 0,06 0,06 0,07 0,06 0,07 0,07 0,08
Sum_A 0,56 0,59 0,61 0,61 0,62 0,63 0,63 0,65 0,65 0,66 0,66 0,66 0,67 0,67 0,67 0,68 0,68 0,68
Cations 15,56 15,59 15,61 15,61 15,62 15,63 15,63 15,65 15,65 15,66 15,66 15,66 15,67 15,67 15,67 15,68 15,68 15,68
XMg 0,29 0,31 0,28 0,27 0,27 0,27 0,27 0,26 0,25 0,22 0,28 0,28 0,26 0,25 0,25 0,25 0,25 0,24
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.12 Electron microprobe analyses of amphiboles from the amphibolite of the Akjoujt Metabasalt unit, continue.
Type ferro/an pargasite
An. No. 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93
T-S No. 26037 26037 26037 26042 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26047 26042
Rock Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
wt.%
SiO2 39,16 39,98 39,12 42,58 41,06 39,45 40,27 40,05 39,81 39,90 39,85 40,13 40,13 39,73 39,55 39,58 39,90 46,85
TiO2 0,20 0,24 0,24 0,39 0,32 0,32 0,33 0,28 0,31 0,32 0,31 0,34 0,33 0,28 0,37 0,23 0,32 0,41
Al2O3 17,14 16,10 16,55 12,89 14,66 16,17 15,37 15,82 16,15 15,30 15,35 15,99 15,30 15,24 15,51 15,13 15,39 9,91
FeO 22,77 23,46 23,52 19,53 21,86 22,51 22,17 22,59 22,39 21,77 22,31 22,31 22,85 22,84 21,96 22,94 23,06 18,85
MnO 0,14 0,16 0,12 0,15 0,22 0,19 0,16 0,14 0,18 0,15 0,16 0,14 0,16 0,19 0,20 0,15 0,14 0,23
MgO 4,19 4,02 4,03 7,89 6,09 5,10 5,61 5,08 5,00 5,75 5,43 5,19 5,21 5,29 5,51 5,35 5,35 9,92
CaO 11,48 11,31 11,54 11,69 11,04 11,73 11,41 11,83 11,71 11,54 11,57 11,50 11,73 11,69 11,74 11,97 11,65 10,85
Na2O 2,32 2,40 2,34 1,71 1,92 1,72 1,87 1,72 1,73 1,96 1,97 2,04 1,92 1,82 1,96 1,74 2,05 1,31
K2O 0,29 0,30 0,41 0,33 0,45 0,59 0,52 0,66 0,71 0,44 0,51 0,52 0,61 0,79 0,55 0,81 0,68 0,22
Total 97,70 97,97 97,86 97,15 97,62 97,77 97,72 98,17 97,97 97,11 97,45 98,15 98,24 97,86 97,35 97,89 98,52 98,56
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al. 1981)
TSi 6,02 6,15 6,03 6,44 6,24 6,03 6,14 6,11 6,08 6,12 6,11 6,11 6,13 6,09 6,08 6,07 6,08 6,87
TAl 1,98 1,85 1,97 1,56 1,76 1,97 1,86 1,89 1,92 1,88 1,89 1,89 1,87 1,91 1,93 1,93 1,92 1,13
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 1,12 1,07 1,04 0,74 0,87 0,94 0,90 0,95 0,98 0,89 0,89 0,98 0,88 0,84 0,88 0,80 0,84 0,58
CFe3 0,18 0,15 0,19 0,29 0,38 0,42 0,37 0,32 0,31 0,36 0,35 0,26 0,32 0,39 0,34 0,43 0,38 0,42
CTi 0,02 0,03 0,03 0,04 0,04 0,04 0,04 0,03 0,04 0,04 0,04 0,04 0,04 0,03 0,04 0,03 0,04 0,05
CMg 0,96 0,92 0,93 1,78 1,38 1,16 1,28 1,16 1,14 1,32 1,24 1,18 1,19 1,21 1,26 1,22 1,22 2,17
CFe2 2,71 2,82 2,81 2,15 2,32 2,43 2,40 2,54 2,53 2,39 2,48 2,54 2,57 2,51 2,46 2,51 2,52 1,77
CMn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 0,04 0,05 0,04 0,04 0,08 0,03 0,05 0,02 0,03 0,04 0,04 0,05 0,03 0,03 0,02 0,01 0,04 0,12
BMn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
BCa 1,89 1,87 1,91 1,89 1,80 1,92 1,87 1,93 1,92 1,90 1,90 1,88 1,92 1,92 1,93 1,97 1,90 1,71
BNa 0,06 0,07 0,05 0,06 0,11 0,04 0,07 0,04 0,05 0,06 0,05 0,07 0,04 0,04 0,04 0,02 0,05 0,16
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,63 0,65 0,65 0,44 0,46 0,47 0,48 0,47 0,47 0,53 0,53 0,54 0,52 0,50 0,55 0,50 0,55 0,22
AK 0,06 0,06 0,08 0,06 0,09 0,11 0,10 0,13 0,14 0,09 0,10 0,10 0,12 0,15 0,11 0,16 0,13 0,04
Sum_A 0,69 0,70 0,73 0,51 0,55 0,58 0,58 0,60 0,60 0,61 0,63 0,64 0,64 0,65 0,65 0,66 0,69 0,26
Cations 15,69 15,70 15,73 15,51 15,55 15,58 15,58 15,60 15,60 15,61 15,63 15,64 15,64 15,65 15,65 15,66 15,69 15,26
XMg 0,26 0,24 0,25 0,45 0,36 0,32 0,34 0,31 0,31 0,35 0,33 0,31 0,31 0,32 0,34 0,33 0,32 0,53
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.12 Electron microprobe analyses of amphiboles from the amphibolite of the Akjoujt Metabasalt unit, continue.
Type ferro/an-pargasite ferro-tschermakite magnesio-hbl actinolitic hornblende
An. No. 94 95 96 97 98 99 100 101 102 103 46 47 30 31 2 3 4 5 6
T-S No. 26042 26042 26042 26042 26042 26042 26042 26042 26042 26047 26034 26034 26042 26042 26042 26042 26042 26042 26042
Rock Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
wt.%
SiO2 46,66 47,24 47,06 48,20 47,79 48,24 48,53 48,76 49,41 44,34 41,87 42,80 44,04 46,26 50,25 50,95 51,30 51,41 53,15
TiO2 0,23 0,23 0,18 0,19 0,22 0,20 0,18 0,19 0,13 0,25 0,24 0,35 0,33 0,27 0,16 0,11 0,06 0,13 0,04
Al2O3 8,43 8,54 7,64 6,55 8,60 6,95 7,04 6,87 4,90 12,42 14,02 12,98 12,39 9,69 4,46 4,55 3,51 4,31 2,26
FeO 19,31 19,88 19,96 21,52 17,76 19,73 19,86 18,96 20,25 22,51 22,46 21,50 18,80 19,14 18,79 17,93 19,78 18,57 15,86
MnO 0,22 0,24 0,24 0,36 0,24 0,24 0,26 0,24 0,32 0,23 0,16 0,13 0,14 0,23 0,30 0,23 0,28 0,24 0,17
MgO 10,14 10,18 10,43 11,82 11,04 11,60 11,48 11,60 12,32 7,34 6,17 6,57 8,77 10,05 12,86 13,25 13,57 13,02 14,84
CaO 10,19 9,78 10,10 7,61 10,39 9,32 9,15 9,53 8,43 9,44 11,27 11,70 11,61 10,29 9,19 10,21 8,45 9,57 11,65
Na2O 1,23 1,25 1,15 0,88 1,16 0,77 0,93 1,03 0,70 1,44 1,79 1,70 1,53 1,34 0,72 0,71 0,55 0,66 0,37
K2O 0,17 0,17 0,14 0,12 0,17 0,14 0,14 0,13 0,08 0,32 0,20 0,21 0,29 0,22 0,04 0,06 0,05 0,05 0,06
Total 96,58 97,52 96,87 97,24 97,36 97,19 97,58 97,31 96,53 98,28 98,16 97,93 97,90 97,48 96,77 98,01 97,55 97,95 98,40
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al. 1981)
TSi 6,97 6,98 7,00 7,02 7,03 7,06 7,09 7,15 7,25 6,59 6,32 6,48 6,56 6,84 7,34 7,36 7,40 7,42 7,62
TAl 1,03 1,02 1,00 0,93 0,97 0,94 0,92 0,86 0,70 1,41 1,68 1,52 1,44 1,16 0,63 0,64 0,50 0,58 0,35
TFe3 0 0 0 0,05 0 0 0 0 0,05 0 0 0 0 0 0,03 0 0,10 0 0,03
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,45 0,46 0,34 0,19 0,51 0,26 0,30 0,33 0,14 0,76 0,81 0,79 0,73 0,53 0,14 0,14 0,10 0,16 0,03
CFe3 0,57 0,67 0,68 1,27 0,51 0,96 0,90 0,76 1,08 0,73 0,44 0,23 0,31 0,57 0,87 0,71 1,06 0,79 0,45
CTi 0,03 0,03 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,03 0,03 0,04 0,04 0,03 0,02 0,01 0,01 0,01 0
CMg 2,26 2,24 2,31 2,57 2,42 2,53 2,50 2,54 2,69 1,62 1,39 1,48 1,95 2,22 2,80 2,85 2,92 2,80 3,17
CFe2 1,69 1,59 1,64 0,94 1,51 1,21 1,27 1,34 1,05 1,85 2,32 2,45 1,97 1,64 1,15 1,27 0,91 1,22 1,34
CMn 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,02 0,01 0,01
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 0,16 0,20 0,17 0,37 0,16 0,24 0,25 0,22 0,30 0,22 0,07 0,04 0,06 0,16 0,25 0,18 0,31 0,23 0,09
BMn 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,02 0,02 0,01 0,02 0,02 0,01
BCa 1,63 1,55 1,61 1,19 1,64 1,46 1,43 1,50 1,33 1,50 1,82 1,90 1,85 1,63 1,44 1,58 1,31 1,48 1,79
BNa 0,18 0,18 0,16 0,12 0,16 0,11 0,13 0,14 0,10 0,20 0,10 0,06 0,08 0,19 0,10 0,10 0,08 0,09 0,05
Sum_B 1,98 1,94 1,96 1,70 1,97 1,82 1,83 1,88 1,74 1,94 2 2 2 1,99 1,80 1,88 1,71 1,82 1,94
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,18 0,18 0,17 0,13 0,17 0,11 0,13 0,15 0,10 0,21 0,43 0,44 0,36 0,19 0,10 0,10 0,08 0,10 0,05
AK 0,03 0,03 0,03 0,02 0,03 0,03 0,03 0,02 0,01 0,06 0,04 0,04 0,06 0,04 0,01 0,01 0,01 0,01 0,01
Sum_A 0,21 0,21 0,19 0,15 0,20 0,14 0,16 0,17 0,12 0,27 0,47 0,49 0,42 0,24 0,11 0,11 0,09 0,10 0,06
Cations 15,19 15,15 15,15 14,85 15,17 14,96 14,99 15,05 14,86 15,21 15,47 15,49 15,42 15,23 14,92 14,99 14,80 14,92 15,00
XMg 0,55 0,56 0,56 0,66 0,59 0,64 0,62 0,62 0,67 0,44 0,37 0,37 0,49 0,55 0,67 0,66 0,70 0,66 0,69
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.13 Electron microprobe analyses of amphiboles from the biotite-actinolite schist of the Akjoujt Metabasalt unit.
Type ferro/an-pargasite
An. No. 1 2 3 4 5 6 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
T-S No. 26016 26016 26016 26016 26016 26016 25197 25197 25197 25197 25197 25197 25197 25197 25197 25196 25196 25196 25196 25196 25196
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 40,59 41,18 42,32 41,45 41,34 41,09 40,95 43,61 41,20 40,46 39,26 39,60 42,04 41,96 40,36 40,47 41,08 41,46 40,68 40,82 40,54
TiO2 0,12 0,10 0,09 0,02 0,00 0,23 0,34 0,31 0,26 0,35 0,35 0,34 0,15 0,19 0,30 0,29 0,37 0,25 0,26 0,32 0,28
Al2O3 16,18 16,20 14,83 16,32 16,74 16,28 13,29 12,54 14,19 13,89 15,27 14,95 12,37 12,35 14,51 13,94 13,77 13,01 12,92 14,08 14,19
FeO 20,67 20,50 21,18 20,53 19,63 21,83 24,68 23,60 23,15 24,71 23,70 23,71 24,41 24,21 24,22 24,28 24,09 24,28 24,20 24,25 23,84
MnO 0,12 0,14 0,22 0,13 0,16 0,19 0,15 0,16 0,16 0,15 0,12 0,12 0,09 0,12 0,11 0,12 0,11 0,12 0,13 0,19 0,09
MgO 5,45 5,46 6,08 5,43 6,04 4,58 4,66 5,03 5,25 4,48 4,26 4,72 5,46 5,39 4,36 4,89 4,77 5,05 5,10 4,78 4,89
CaO 11,34 11,07 10,52 11,20 11,31 10,99 10,54 10,11 10,99 10,42 11,13 11,05 10,53 10,40 11,09 10,77 11,13 10,26 10,20 10,78 10,87
Na2O 1,97 2,12 1,91 2,09 1,94 2,07 2,33 2,22 2,17 2,33 2,13 2,24 2,08 2,13 2,29 2,19 2,23 2,33 2,32 2,27 2,22
K2O 0,40 0,30 0,29 0,29 0,34 0,29 0,72 0,68 0,34 0,68 0,65 0,49 0,69 0,73 0,50 0,59 0,47 0,66 0,67 0,56 0,57
Total 96,83 97,07 97,43 97,46 97,50 97,55 97,66 98,24 97,72 97,46 96,88 97,22 97,82 97,50 97,74 97,52 98,01 97,43 96,48 98,04 97,48
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al. 1981)
TSi 6,22 6,29 6,41 6,30 6,24 6,28 6,35 6,68 6,31 6,28 6,12 6,13 6,46 6,48 6,25 6,25 6,33 6,42 6,36 6,28 6,26
TAl 1,78 1,71 1,60 1,70 1,76 1,72 1,65 1,32 1,69 1,72 1,88 1,87 1,54 1,52 1,76 1,75 1,68 1,58 1,64 1,72 1,74
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 1,14 1,20 1,05 1,22 1,22 1,21 0,78 0,94 0,88 0,82 0,93 0,86 0,70 0,73 0,89 0,79 0,82 0,79 0,74 0,83 0,84
CFe3 0,16 0,16 0,35 0,14 0,18 0,17 0,31 0,23 0,28 0,35 0,24 0,33 0,38 0,36 0,22 0,35 0,23 0,36 0,40 0,32 0,30
CTi 0,01 0,01 0,01 0 0 0,03 0,04 0,04 0,03 0,04 0,04 0,04 0,02 0,02 0,04 0,03 0,04 0,03 0,03 0,04 0,03
CMg 1,25 1,24 1,37 1,23 1,36 1,04 1,08 1,15 1,20 1,04 0,99 1,09 1,25 1,24 1,01 1,13 1,10 1,17 1,19 1,10 1,13
CFe2 2,43 2,38 2,21 2,40 2,23 2,54 2,79 2,64 2,60 2,74 2,79 2,67 2,64 2,64 2,84 2,69 2,81 2,65 2,64 2,71 2,70
CMn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 0,06 0,08 0,12 0,07 0,07 0,08 0,11 0,15 0,08 0,12 0,06 0,07 0,12 0,12 0,07 0,09 0,07 0,13 0,13 0,09 0,09
BMn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
BCa 1,86 1,81 1,71 1,82 1,83 1,80 1,75 1,66 1,81 1,73 1,86 1,84 1,74 1,72 1,84 1,78 1,84 1,70 1,71 1,78 1,80
BNa 0,07 0,10 0,16 0,09 0,09 0,11 0,13 0,18 0,10 0,14 0,08 0,09 0,14 0,15 0,09 0,12 0,09 0,16 0,16 0,12 0,11
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,51 0,53 0,40 0,52 0,48 0,51 0,57 0,48 0,54 0,56 0,57 0,58 0,48 0,49 0,60 0,54 0,58 0,54 0,55 0,56 0,56
AK 0,08 0,06 0,06 0,06 0,07 0,06 0,14 0,13 0,07 0,13 0,13 0,10 0,13 0,15 0,10 0,12 0,09 0,13 0,13 0,11 0,11
Sum_A 0,59 0,59 0,46 0,58 0,54 0,56 0,71 0,61 0,61 0,69 0,70 0,68 0,61 0,64 0,70 0,66 0,67 0,67 0,68 0,67 0,67
Cations 15,59 15,59 15,46 15,58 15,54 15,56 15,71 15,61 15,61 15,69 15,70 15,68 15,61 15,64 15,70 15,66 15,67 15,67 15,68 15,67 15,67
XMg 0,33 0,34 0,37 0,33 0,37 0,28 0,27 0,29 0,31 0,27 0,26 0,28 0,31 0,31 0,26 0,29 0,28 0,30 0,30 0,28 0,29
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
APPENDICES 158
Table 12.14 Electron microprobe analyses of amphiboles from the biotite-chlorite-grunerite-calcite alteration zone.
Type ferro/an-pargasite
An. No. 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
T-S No. 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 39,84 39,55 40,16 39,90 41,43 40,17 39,05 40,01 40,32 38,74 41,30 40,34 40,16 39,70 39,75 40,31 39,34 40,00
TiO2 0,25 0,28 0,21 0,32 0,26 0,46 0,64 0,41 0,23 0,20 0,61 0,19 0,40 0,38 0,37 0,53 0,18 0,21
Al2O3 16,83 16,62 16,73 17,27 16,06 16,49 16,57 16,95 16,71 18,14 15,43 16,83 16,79 16,91 16,61 17,08 18,41 18,13
FeO 21,98 21,83 22,16 22,01 21,12 22,34 22,50 21,69 21,68 21,85 21,39 21,95 22,03 21,85 21,64 21,83 21,28 21,48
MnO 0,23 0,24 0,27 0,20 0,23 0,23 0,22 0,23 0,25 0,23 0,29 0,26 0,24 0,23 0,24 0,23 0,30 0,24
MgO 4,39 4,86 4,42 4,06 4,93 4,39 5,18 4,64 4,91 4,20 5,25 4,62 4,53 4,59 4,93 4,35 4,50 4,44
CaO 10,90 11,13 10,91 11,02 10,96 11,29 10,73 11,50 11,03 11,49 11,21 11,05 11,26 11,76 11,91 11,34 11,13 10,73
Na2O 2,21 2,02 2,22 2,15 1,95 1,74 1,80 1,79 2,17 2,48 1,91 2,18 1,94 2,02 1,98 1,77 2,41 2,37
K2O 0,47 0,64 0,33 0,49 0,56 0,48 0,88 0,49 0,44 0,44 0,42 0,41 0,49 0,47 0,48 0,50 0,38 0,38
Total 97,10 97,17 97,39 97,43 97,50 97,57 97,59 97,71 97,73 97,77 97,81 97,82 97,84 97,89 97,91 97,93 97,94 97,97
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al. 1981)
TSi 6,14 6,08 6,16 6,14 6,33 6,15 5,97 6,11 6,15 5,95 6,29 6,16 6,13 6,07 6,07 6,14 5,99 6,08
TAl 1,86 1,92 1,84 1,87 1,67 1,85 2,03 1,89 1,85 2,05 1,71 1,84 1,87 1,93 1,93 1,86 2,01 1,92
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 1,19 1,09 1,18 1,26 1,22 1,13 0,95 1,16 1,15 1,23 1,06 1,18 1,15 1,12 1,06 1,21 1,29 1,33
CFe3 0,20 0,24 0,22 0,15 0,14 0,20 0,48 0,17 0,23 0,12 0,17 0,21 0,19 0,11 0,15 0,15 0,19 0,23
CTi 0,03 0,03 0,02 0,04 0,03 0,05 0,07 0,05 0,03 0,02 0,07 0,02 0,05 0,04 0,04 0,06 0,02 0,02
CMg 1,01 1,12 1,01 0,93 1,12 1,00 1,18 1,06 1,12 0,96 1,19 1,05 1,03 1,05 1,12 0,99 1,02 1,01
CFe2 2,55 2,51 2,54 2,61 2,48 2,60 2,30 2,56 2,46 2,65 2,50 2,52 2,57 2,66 2,60 2,57 2,45 2,40
CMn 0,02 0,02 0,02 0,01 0,02 0,02 0,01 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02
C Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 0,08 0,06 0,08 0,07 0,08 0,05 0,10 0,04 0,08 0,04 0,06 0,07 0,06 0,02 0,01 0,05 0,07 0,10
BMn 0,02 0,02 0,02 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02
BCa 1,80 1,83 1,79 1,82 1,79 1,85 1,76 1,88 1,80 1,89 1,83 1,81 1,84 1,93 1,95 1,85 1,82 1,75
BNa 0,11 0,09 0,11 0,10 0,11 0,08 0,13 0,06 0,11 0,06 0,09 0,10 0,08 0,04 0,03 0,08 0,10 0,13
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,55 0,52 0,55 0,54 0,47 0,44 0,40 0,47 0,54 0,68 0,47 0,54 0,49 0,56 0,56 0,44 0,61 0,56
AK 0,09 0,13 0,07 0,10 0,11 0,09 0,17 0,10 0,09 0,09 0,08 0,08 0,09 0,09 0,09 0,10 0,07 0,07
Sum_A 0,65 0,64 0,61 0,64 0,58 0,53 0,58 0,56 0,62 0,77 0,55 0,62 0,58 0,65 0,65 0,54 0,69 0,64
Cations 15,65 15,64 15,61 15,64 15,58 15,53 15,58 15,56 15,62 15,77 15,55 15,62 15,58 15,65 15,65 15,54 15,69 15,64
XMg 0,28 0,30 0,28 0,26 0,30 0,27 0,33 0,29 0,31 0,26 0,32 0,29 0,28 0,28 0,30 0,27 0,29 0,29
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
APPENDICES 159
Table 12.14 Electron microprobe analyses of amphiboles from the biotite-chlorite-grunerite-calcite alteration zone, continue.
Type ferro/an-pargasite
An. No. 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
T-S No. 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26029 26029 26029 26029 26029 26029 26029 26029
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 39,12 39,33 40,13 40,15 38,95 40,12 39,19 39,62 41,07 40,13 39,74 40,53 40,56 43,87 42,85 41,73 41,41 41,50 41,34 40,82 40,70
TiO2 0,22 0,16 0,24 0,31 0,25 0,34 0,28 0,34 0,44 0,39 0,48 0,33 0,39 0,25 0,22 0,52 0,28 0,37 0,25 0,61 0,70
Al2O3 18,76 17,80 17,68 16,91 18,60 16,32 17,50 17,22 15,98 16,48 16,79 17,07 16,47 11,96 14,67 14,73 15,67 14,87 15,93 16,74 17,07
FeO 21,20 21,68 21,35 22,10 22,06 22,21 22,49 22,36 22,47 22,24 21,97 21,10 22,47 20,98 18,79 19,42 19,17 20,41 19,80 19,83 19,89
MnO 0,24 0,21 0,25 0,23 0,33 0,23 0,21 0,24 0,26 0,22 0,19 0,22 0,28 0,23 0,06 0,11 0,09 0,11 0,08 0,12 0,07
MgO 4,49 4,81 4,66 4,52 4,06 4,80 4,41 4,51 4,93 4,82 4,96 5,29 4,78 8,29 7,07 7,21 6,99 6,77 6,70 6,01 6,23
CaO 11,34 11,38 11,26 11,23 11,04 11,51 11,44 11,41 11,23 11,66 11,60 11,99 11,87 9,85 11,70 11,69 11,78 11,41 11,73 11,86 11,94
Na2O 2,32 2,33 2,07 2,12 2,43 2,14 2,22 1,99 1,53 1,97 2,06 1,75 1,61 1,87 2,04 2,09 2,12 2,25 2,01 2,11 2,12
K2O 0,38 0,36 0,43 0,50 0,40 0,49 0,46 0,62 0,43 0,43 0,57 0,39 0,41 0,25 0,23 0,19 0,28 0,37 0,34 0,34 0,30
Total 98,05 98,06 98,06 98,06 98,11 98,15 98,21 98,32 98,33 98,34 98,36 98,67 98,83 97,55 97,63 97,68 97,77 98,06 98,19 98,45 99,02
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al. 1981)
TSi 5,95 5,98 6,09 6,13 5,94 6,13 5,98 6,03 6,21 6,10 6,04 6,10 6,12 6,56 6,46 6,29 6,24 6,27 6,21 6,14 6,08
TAl 2,05 2,02 1,91 1,87 2,06 1,88 2,02 1,97 1,79 1,90 1,96 1,90 1,88 1,44 1,54 1,71 1,76 1,73 1,79 1,86 1,92
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 1,31 1,17 1,26 1,16 1,28 1,06 1,13 1,12 1,05 1,05 1,05 1,12 1,05 0,67 1,06 0,91 1,02 0,91 1,03 1,11 1,08
CFe 3 0,18 0,22 0,18 0,18 0,23 0,17 0,22 0,21 0,30 0,20 0,20 0,19 0,28 0,63 0,05 0,17 0,14 0,21 0,18 0,08 0,12
CTi 0,03 0,02 0,03 0,04 0,03 0,04 0,03 0,04 0,05 0,04 0,05 0,04 0,04 0,03 0,03 0,06 0,03 0,04 0,03 0,07 0,08
CMg 1,02 1,09 1,05 1,03 0,92 1,09 1,00 1,02 1,11 1,09 1,13 1,19 1,08 1,85 1,59 1,62 1,57 1,53 1,50 1,35 1,39
CFe 2 2,46 2,48 2,47 2,58 2,52 2,63 2,61 2,59 2,47 2,59 2,56 2,45 2,53 1,81 2,27 2,24 2,24 2,30 2,26 2,38 2,32
CMn 0,02 0,01 0,02 0,02 0,02 0,02 0,01 0,02 0,02 0,01 0,01 0,01 0,02 0,01 0 0,01 0,01 0,01 0,01 0,01 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe 2 0,06 0,05 0,06 0,06 0,07 0,04 0,05 0,05 0,07 0,03 0,04 0,02 0,02 0,18 0,05 0,05 0,04 0,07 0,05 0,03 0,04
BMn 0,02 0,01 0,02 0,02 0,02 0,02 0,01 0,02 0,02 0,01 0,01 0,01 0,02 0,02 0,00 0,01 0,01 0,01 0,01 0,01 0,00
BCa 1,85 1,86 1,83 1,84 1,80 1,88 1,87 1,86 1,82 1,90 1,89 1,93 1,92 1,58 1,89 1,89 1,90 1,85 1,89 1,91 1,91
BNa 0,08 0,08 0,09 0,09 0,10 0,06 0,07 0,07 0,10 0,05 0,06 0,04 0,04 0,22 0,06 0,06 0,05 0,08 0,06 0,05 0,05
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,60 0,61 0,52 0,54 0,61 0,57 0,59 0,52 0,35 0,53 0,55 0,48 0,43 0,32 0,54 0,55 0,57 0,58 0,53 0,57 0,57
AK 0,07 0,07 0,08 0,10 0,08 0,10 0,09 0,12 0,08 0,08 0,11 0,08 0,08 0,05 0,05 0,04 0,05 0,07 0,07 0,07 0,06
Sum_A 0,68 0,68 0,60 0,64 0,69 0,67 0,68 0,64 0,44 0,61 0,66 0,55 0,51 0,37 0,58 0,59 0,62 0,65 0,59 0,64 0,62
Cations 15,68 15,68 15,60 15,64 15,69 15,67 15,68 15,64 15,44 15,61 15,66 15,55 15,51 15,37 15,58 15,59 15,62 15,65 15,59 15,64 15,62
XMg 0,29 0,30 0,29 0,28 0,26 0,29 0,27 0,28 0,30 0,29 0,30 0,32 0,30 0,48 0,41 0,42 0,41 0,39 0,39 0,36 0,37
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.15 Electron microprobe analyses of biotite from the biotite-garnet-quartz schist of the Saint Barbe Volcanic unit.
An. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
T-S No. 26064 26064 26064 26064 26064 26064 26064 26064 26064 26064 26064 26066 26066 26066 26066 26066 26066 26066 26066
Rock Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt
wt.%
SiO2 38,75 38,67 38,45 37,44 41,42 36,16 37,28 35,78 36,25 36,48 36,47 39,54 35,59 38,22 33,71 37,12 38,40 36,60 36,53
TiO2 2,03 1,79 1,99 1,92 1,55 1,43 1,93 1,90 1,74 1,80 1,88 1,28 1,58 2,04 1,72 1,95 1,94 1,73 1,79
Al2O3 16,85 16,91 16,99 16,17 16,15 16,51 16,29 17,15 17,46 17,35 16,24 14,59 15,83 16,77 15,24 16,47 16,62 15,50 16,36
FeO 24,37 24,24 23,41 23,16 21,10 24,92 24,18 24,10 23,55 24,03 23,83 26,11 26,93 23,76 30,98 25,13 25,40 25,13 25,19
MnO 0,15 0,14 0,20 0,15 0,10 0,20 0,18 0,16 0,15 0,18 0,05 0,12 0,14 0,15 0,13 0,19 0,17 0,15 0,18
MgO 6,79 6,69 6,93 7,83 6,01 7,33 6,64 6,87 7,51 7,15 9,66 5,49 7,76 6,76 6,92 7,28 7,57 6,45 6,52
CaO 0,11 0,16 0,13 0,24 0,38 0,21 0,18 0,09 0,17 0,15 0,23 0,32 0,13 0,09 0,23 0,15 0,25 0,24 0,20
Na2O 0,07 0,07 0,08 0,06 0,09 0,05 0,09 0,03 0,06 0,08 0,12 0,28 0,11 0,07 0,10 0,08 0,14 0,17 0,14
K2O 8,19 8,06 7,55 8,50 8,42 9,06 7,56 8,08 6,71 7,15 7,08 7,61 6,33 8,23 7,97 6,97 6,43 7,22 7,63
F 0,06 0,18 0,12 0,05 bdl 0,02 0,04 0,16 0,12 bdl 0,09 bdl bdl 0,01 bdl 0,07 bdl bdl 0,02
Cl 0,26 0,24 0,29 0,30 0,35 0,40 0,35 0,28 0,24 0,25 0,24 0,45 0,29 0,29 0,31 0,31 0,29 0,45 0,31
Total 97,37 96,91 95,83 95,52 95,20 95,90 94,36 94,32 93,72 94,37 95,66 95,34 94,41 96,10 96,98 95,41 96,91 93,18 94,56
Structural formula based on 24 (O, OH, F, Cl)
Si 5,82 5,84 5,83 5,80 6,29 5,67 5,79 5,60 5,63 5,65 5,63 6,16 5,59 5,81 5,40 5,71 5,78 5,79 5,71
AlIV 2,18 2,16 2,17 2,20 1,72 2,33 2,21 2,40 2,37 2,35 2,37 1,84 2,41 2,19 2,60 2,29 2,22 2,21 2,29
AlVI 0,81 0,85 0,87 0,75 1,17 0,71 0,77 0,76 0,83 0,81 0,59 0,84 0,52 0,82 0,27 0,69 0,72 0,68 0,72
Ti 0,23 0,20 0,23 0,22 0,18 0,17 0,23 0,22 0,20 0,21 0,22 0,15 0,19 0,23 0,21 0,23 0,22 0,21 0,21
Fe +2 3,06 3,06 2,97 3,00 2,68 3,27 3,14 3,16 3,06 3,11 3,08 3,41 3,54 3,02 4,15 3,23 3,19 3,33 3,29
Mn 0,02 0,02 0,03 0,02 0,01 0,03 0,02 0,02 0,02 0,02 0,01 0,02 0,02 0,02 0,02 0,03 0,02 0,02 0,02
Mg 1,52 1,51 1,57 1,81 1,36 1,71 1,54 1,60 1,74 1,65 2,22 1,28 1,82 1,53 1,65 1,67 1,70 1,52 1,52
Ca 0,02 0,03 0,02 0,04 0,06 0,04 0,03 0,02 0,03 0,03 0,04 0,05 0,02 0,01 0,04 0,03 0,04 0,04 0,03
Na 0,02 0,02 0,02 0,02 0,03 0,02 0,03 0,01 0,02 0,02 0,04 0,08 0,03 0,02 0,03 0,02 0,04 0,05 0,04
K 1,57 1,55 1,46 1,69 1,64 1,71 1,50 1,61 1,33 1,41 1,41 1,42 1,27 1,60 1,52 1,37 1,23 1,46 1,52
Cations 15,25 15,24 15,16 15,55 15,13 15,65 15,25 15,40 15,23 15,27 15,60 15,24 15,41 15,26 15,88 15,26 15,17 15,31 15,36
CF 0,06 0,17 0,11 0,05 0 0,02 0,04 0,15 0,11 0 0,09 0 0 0,01 0 0,07 0 0 0,02
CCl 0,13 0,12 0,15 0,16 0,18 0,21 0,18 0,15 0,13 0,13 0,13 0,24 0,15 0,15 0,17 0,16 0,15 0,24 0,16
OH 3,90 3,85 3,87 3,90 3,91 3,88 3,89 3,85 3,88 3,93 3,89 3,88 3,92 3,92 3,92 3,89 3,93 3,88 3,91
XFe 0,67 0,67 0,65 0,62 0,66 0,66 0,67 0,66 0,64 0,65 0,58 0,73 0,66 0,66 0,72 0,66 0,65 0,69 0,68
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.15 Electron microprobe analyses of biotite from the biotite-garnet-quartz schist of the Saint Barbe Volcanic unit, continue.
T-S No. 20 21 22 23 24 25 26 27
An. No. 26066 26066 26066 26066 26066 26066 26066 26066
Rock Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt
wt.%
SiO2 38,01 41,98 38,95 37,62 37,69 36,09 38,18 37,26
TiO2 1,59 1,72 1,72 1,82 1,77 1,85 1,89 1,56
Al2O3 16,23 15,97 15,65 16,74 16,80 16,55 16,47 16,14
FeO 26,77 21,48 22,58 23,01 23,97 24,62 24,13 24,00
MnO 0,14 0,17 0,15 0,15 0,17 0,14 0,14 0,14
MgO 6,08 6,65 6,48 6,44 6,40 6,75 6,78 7,27
CaO 0,26 0,18 0,16 0,14 0,19 0,17 0,14 0,29
Na2O 0,14 0,17 0,21 0,12 0,13 0,13 0,09 0,16
K2O 6,63 7,32 8,54 7,97 8,07 7,71 7,89 8,51
F 0,04 0,08 bdl 0,08 0,05 0,01 bdl 0,03
Cl 0,32 0,27 0,47 0,38 0,34 0,30 0,34 0,30
Total 95,89 95,71 94,45 94,09 95,24 94,01 95,71 95,35
Structural formula based on 24 (O, OH, F, Cl)
Si 5,84 6,25 6,03 5,83 5,80 5,66 5,83 5,81
AlIV 2,17 1,75 1,97 2,17 2,20 2,34 2,17 2,19
AlVI 0,77 1,05 0,89 0,89 0,84 0,72 0,80 0,78
Ti 0,18 0,19 0,20 0,21 0,21 0,22 0,22 0,18
Fe +2 3,44 2,67 2,93 2,98 3,09 3,23 3,08 3,13
Mn 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02
Mg 1,39 1,48 1,50 1,49 1,47 1,58 1,54 1,69
Ca 0,04 0,03 0,03 0,02 0,03 0,03 0,02 0,05
Na 0,04 0,05 0,06 0,04 0,04 0,04 0,03 0,05
K 1,30 1,39 1,49 1,58 1,58 1,54 1,54 1,30
Cations 15,18 14,87 15,11 15,23 15,28 15,38 15,25 15,19
CF 0,04 0,07 0 0,08 0,05 0,01 0 0,03
CCl 0,17 0,14 0,25 0,20 0,18 0,16 0,18 0,16
OH 3,90 3,90 3,88 3,86 3,89 3,92 3,91 3,90
XFe 0,71 0,64 0,66 0,67 0,68 0,67 0,67 0,65
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.16 Electron microprobe analyses of biotite from the biotite-actinolite schist of the Akjoujt Metabasalt unit.
An. No. 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
T-S No. 25196 25196 25196 25196 25196 25196 25196 25196 25196 25196 25196 25197 25197 25197 25197 25197 25197 25197 25197
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 34,53 35,39 35,35 35,37 35,50 33,15 34,70 35,21 35,19 34,44 35,60 33,66 35,31 34,37 35,14 35,80 35,12 34,85 35,92
TiO2 1,70 1,80 2,01 1,68 1,61 1,24 1,17 1,45 1,89 1,38 1,73 1,52 1,82 1,53 1,77 1,50 1,47 1,43 1,16
Al2O3 14,83 14,27 14,60 15,00 14,51 15,69 14,91 14,29 14,72 14,33 14,39 14,39 14,65 14,92 14,44 13,62 14,66 14,29 13,55
FeO 28,19 28,80 28,94 28,75 28,54 30,18 28,94 28,84 28,63 29,01 28,78 28,66 28,52 28,66 28,74 29,59 29,49 29,15 28,84
MnO 0,12 0,12 0,10 0,11 0,17 0,15 0,10 0,09 0,14 0,11 0,11 0,15 0,10 0,10 0,13 0,16 0,08 0,13 0,13
MgO 6,65 6,75 6,42 6,85 6,75 7,28 6,97 6,99 6,55 6,89 6,81 6,80 6,86 6,89 6,73 6,74 6,59 7,02 7,00
CaO 0,00 0,06 0,03 0,00 0,00 0,03 0,16 0,11 0,00 0,09 0,18 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,12
Na2O 0,05 0,08 0,01 0,01 0,03 0,05 0,12 0,01 0,06 0,06 0,13 0,05 0,03 0,01 0,04 0,04 0,06 0,03 0,07
K2O 9,96 9,45 9,71 9,35 9,56 7,46 8,65 8,95 9,78 8,96 9,00 8,64 10,06 9,03 9,93 9,40 9,65 9,57 9,51
F - - - - - - - - - - - - - - - - - - -
Cl 0,59 0,59 0,62 0,62 0,57 0,51 0,65 0,68 0,62 0,62 0,73 0,63 0,65 0,52 0,62 0,84 0,69 0,72 0,91
Total 96,62 97,31 97,78 97,74 97,23 95,73 96,35 96,62 97,57 95,88 97,45 94,48 98,01 96,04 97,52 97,70 97,81 97,18 97,20
Structural formula based on 24 (O, OH, F, Cl)
Si 5,51 5,60 5,57 5,55 5,61 5,33 5,53 5,60 5,56 5,54 5,61 5,49 5,55 5,50 5,56 5,67 5,55 5,55 5,71
AlIV 2,49 2,40 2,43 2,45 2,39 2,68 2,47 2,40 2,45 2,46 2,39 2,51 2,45 2,50 2,44 2,33 2,45 2,45 2,29
AlVI 0,30 0,25 0,28 0,33 0,31 0,29 0,33 0,28 0,29 0,25 0,28 0,26 0,27 0,31 0,25 0,21 0,28 0,23 0,24
Ti 0,20 0,21 0,24 0,20 0,19 0,15 0,14 0,17 0,22 0,17 0,21 0,19 0,22 0,18 0,21 0,18 0,18 0,17 0,14
Fe +2 3,76 3,81 3,81 3,78 3,77 4,05 3,86 3,84 3,78 3,90 3,79 3,91 3,75 3,84 3,80 3,92 3,90 3,88 3,83
Mn 0,02 0,02 0,01 0,02 0,02 0,02 0,01 0,01 0,02 0,01 0,01 0,02 0,01 0,01 0,02 0,02 0,01 0,02 0,02
Mg 1,58 1,59 1,51 1,60 1,59 1,74 1,66 1,66 1,54 1,65 1,60 1,65 1,61 1,64 1,59 1,59 1,55 1,67 1,66
Ca 0,00 0,01 0,01 0,00 0,00 0,01 0,03 0,02 0,00 0,02 0,03 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,02
Na 0,02 0,02 0,00 0,00 0,01 0,02 0,04 0,00 0,02 0,02 0,04 0,02 0,01 0,00 0,01 0,01 0,02 0,01 0,02
K 2,03 1,91 1,95 1,87 1,93 1,53 1,76 1,82 1,97 1,84 1,81 1,80 2,02 1,84 2,01 1,90 1,95 1,94 1,93
Cations 15,91 15,82 15,81 15,80 15,82 15,81 15,82 15,79 15,84 15,86 15,77 15,84 15,88 15,83 15,89 15,83 15,89 15,91 15,86
CF - - - - - - - - - - - - - - - - - - -
CCl 0,32 0,32 0,33 0,33 0,31 0,28 0,35 0,37 0,33 0,34 0,39 0,35 0,35 0,28 0,33 0,45 0,37 0,39 0,49
OH 3,84 3,84 3,83 3,84 3,85 3,86 3,83 3,82 3,84 3,83 3,81 3,83 3,83 3,86 3,83 3,77 3,82 3,81 3,76
XFe 0,70 0,71 0,72 0,70 0,70 0,70 0,70 0,70 0,71 0,70 0,70 0,70 0,70 0,70 0,71 0,71 0,72 0,70 0,70
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.16 Electron microprobe analyses of biotite from the biotite-actinolite schist of the Akjoujt Metabasalt unit, continue.
An. No. 30 31 32 33 34 35 36 37 38 39 40 41 42 1 2 3 4 5 6
T-S No. 25196 25197 25197 25197 25197 25197 25197 25196 25196 25196 25196 25196 25196 26016 26016 26016 26014 26014 26014
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 34,63 34,96 34,81 35,26 35,12 35,29 35,33 35,11 33,34 35,31 35,10 34,82 35,27 34,41 34,18 34,47 35,22 33,90 35,22
TiO2 1,84 1,91 1,57 1,90 1,96 1,82 1,93 1,60 1,47 1,57 1,52 1,60 1,77 1,38 1,33 1,24 1,62 1,62 1,73
Al2O3 14,93 14,54 14,76 14,72 14,53 14,03 14,42 14,37 15,08 14,39 13,90 14,00 13,75 16,76 16,40 16,79 17,07 15,90 16,72
FeO 28,34 29,05 28,63 28,65 29,13 29,12 28,27 28,68 29,42 28,55 29,40 29,70 29,22 27,18 27,28 26,87 24,65 26,21 24,73
MnO 0,13 0,12 0,10 0,11 0,12 0,12 0,09 0,13 0,15 0,11 0,11 0,11 0,10 0,12 0,10 0,10 0,06 0,07 0,06
MgO 6,80 6,53 6,64 6,72 6,52 6,67 6,66 6,66 7,30 6,77 6,75 6,41 6,65 8,09 8,15 8,26 8,16 8,75 8,38
CaO 0,00 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,06 0,00 0,05 0,01 0,06 bdl bdl bdl bdl bdl 0,25
Na2O 0,04 0,03 0,06 0,03 0,03 0,01 0,01 0,00 0,11 0,01 0,06 0,06 0,04 0,02 0,02 0,01 0,04 0,06 0,11
K2O 9,10 9,52 9,87 9,80 9,85 9,62 9,70 9,52 7,11 9,67 9,15 9,57 9,50 8,44 8,54 8,63 9,20 8,31 8,73
F - - - - - - - - - - - - - 0,04 0,14 0,06 0,09 0,05 0,11
Cl 0,54 0,60 0,58 0,60 0,60 0,64 0,68 0,61 0,46 0,62 0,79 0,73 0,67 0,25 0,27 0,26 0,26 0,29 0,21
Total 96,35 97,25 97,02 97,80 97,87 97,30 97,09 96,67 94,50 96,99 96,82 97,00 97,02 96,63 96,29 96,59 96,25 95,07 96,14
Structural formula based on 24 (O, OH, F, Cl)
Si 5,51 5,54 5,54 5,55 5,54 5,60 5,60 5,59 5,40 5,60 5,61 5,57 5,62 5,38 5,38 5,38 5,47 5,38 5,47
AlIV 2,49 2,46 2,47 2,45 2,46 2,40 2,41 2,41 2,60 2,40 2,39 2,43 2,38 2,63 2,63 2,62 2,54 2,62 2,53
AlVI 0,31 0,26 0,30 0,28 0,24 0,22 0,29 0,29 0,27 0,29 0,22 0,21 0,20 0,46 0,41 0,47 0,59 0,35 0,52
Ti 0,22 0,23 0,19 0,23 0,23 0,22 0,23 0,19 0,18 0,19 0,18 0,19 0,21 0,16 0,16 0,15 0,19 0,19 0,20
Fe +2 3,77 3,85 3,81 3,77 3,85 3,86 3,75 3,82 3,98 3,79 3,93 3,98 3,89 3,55 3,59 3,51 3,20 3,48 3,21
Mn 0,02 0,02 0,01 0,02 0,02 0,02 0,01 0,02 0,02 0,02 0,02 0,02 0,01 0,02 0,01 0,01 0,01 0,01 0,01
Mg 1,62 1,54 1,57 1,58 1,54 1,58 1,57 1,58 1,76 1,60 1,61 1,53 1,58 1,88 1,91 1,92 1,89 2,07 1,94
Ca 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,01 0 0 0 0 0 0,04
Na 0,01 0,01 0,02 0,01 0,01 0,00 0,00 0,00 0,04 0,00 0,02 0,02 0,01 0,01 0,01 0 0,01 0,02 0,03
K 1,85 1,93 2,00 1,97 1,98 1,95 1,96 1,93 1,47 1,96 1,87 1,96 1,93 1,68 1,71 1,72 1,82 1,68 1,73
Cations 15,80 15,84 15,90 15,85 15,87 15,84 15,81 15,83 15,73 15,84 15,84 15,90 15,85 15,76 15,80 15,78 15,70 15,79 15,68
CF - - - - - - - - - - - - - 0,04 0,13 0,06 0,08 0,05 0,11
CCl 0,29 0,32 0,31 0,32 0,32 0,34 0,36 0,33 0,25 0,33 0,43 0,40 0,36 0,13 0,15 0,14 0,14 0,16 0,11
OH 3,85 3,84 3,84 3,84 3,84 3,83 3,82 3,84 3,87 3,84 3,79 3,80 3,82 3,91 3,86 3,90 3,89 3,90 3,89
XFe 0,70 0,71 0,71 0,71 0,71 0,71 0,70 0,71 0,69 0,70 0,71 0,72 0,71 0,65 0,65 0,65 0,63 0,63 0,62
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.16 Electron microprobe analyses of biotite from the biotite-actinolite schist of the Akjoujt Metabasalt unit, continue.
An. No. 7 8 9 10 11 12 13 14 15 16 17
T-S No. 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014 26014
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 33,89 34,60 35,43 33,46 34,34 33,51 34,18 35,72 35,16 35,21 35,83
TiO2 1,53 1,53 1,52 1,51 1,45 1,49 1,48 1,77 1,63 1,49 1,74
Al2O3 17,02 16,18 16,18 16,82 16,57 16,13 17,40 15,77 17,64 16,48 17,02
FeO 25,37 25,95 25,18 25,86 24,60 26,33 24,97 24,34 24,24 25,77 23,23
MnO 0,04 0,04 0,06 0,07 0,04 0,06 0,08 0,04 0,02 0,04 0,05
MgO 8,61 8,86 8,63 8,92 8,58 9,25 8,93 8,71 8,73 9,36 8,58
CaO bdl 0,15 bdl bdl 0,02 0,16 bdl 0,01 bdl bdl bdl
Na2O 0,02 0,08 0,04 0,05 0,05 0,04 0,01 0,04 0,03 0,04 0,07
K2O 8,94 8,08 8,90 8,32 9,08 7,67 7,94 9,53 8,56 8,13 9,70
F 0,21 0,17 0,16 0,18 0,04 0,13 0,00 0,09 0,05 0,00 0,09
Cl 0,22 0,29 0,23 0,28 0,24 0,28 0,21 0,23 0,22 0,24 0,18
Total 95,72 95,79 96,21 95,32 94,94 94,92 95,16 96,16 96,21 96,70 96,39
Structural formula based on 24 (O, OH, F, Cl)
Si 5,33 5,42 5,51 5,29 5,42 5,31 5,34 5,55 5,42 5,43 5,52
AlIV 2,67 2,58 2,49 2,71 2,58 2,69 2,66 2,45 2,58 2,57 2,48
AlVI 0,48 0,40 0,47 0,42 0,50 0,33 0,55 0,44 0,62 0,43 0,60
Ti 0,18 0,18 0,18 0,18 0,17 0,18 0,17 0,21 0,19 0,17 0,20
Fe +2 3,33 3,40 3,28 3,42 3,25 3,49 3,27 3,17 3,12 3,33 2,99
Mn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,00 0,01 0,01
Mg 2,02 2,07 2,00 2,10 2,02 2,19 2,08 2,02 2,01 2,15 1,97
Ca 0 0,03 0 0 0 0,03 0 0 0 0 0
Na 0,01 0,02 0,01 0,01 0,02 0,01 0,00 0,01 0,01 0,01 0,02
K 1,79 1,61 1,77 1,68 1,83 1,55 1,58 1,89 1,68 1,60 1,91
Cations 15,81 15,72 15,72 15,81 15,79 15,78 15,67 15,74 15,63 15,70 15,70
CF 0,21 0,17 0,16 0,18 0,04 0,13 0,00 0,09 0,05 0,00 0,09
CCl 0,12 0,15 0,12 0,15 0,13 0,15 0,11 0,12 0,11 0,13 0,10
OH 3,84 3,84 3,86 3,84 3,91 3,86 3,94 3,90 3,92 3,94 3,91
XFe 0,62 0,62 0,62 0,62 0,62 0,62 0,61 0,61 0,61 0,61 0,60
Note: bdl= below detection limit; An. No.= analysis number; T -S No= thin section number
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Table 12.17 Electron microprobe analyses of biotite from the biotite-chlorite-grunerite-calcite alteration zone.
An. No. 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
T-S No. 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26022 26022 26022 26025 26025 26025 26025
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 35,33 35,33 35,38 35,33 35,38 35,38 35,05 34,83 35,27 34,37 34,38 34,36 35,60 35,73 34,49 35,28 36,10 36,16 35,90
TiO2 2,01 1,87 1,90 1,99 1,75 1,61 1,79 1,82 1,97 1,90 1,92 1,51 1,71 1,85 1,44 1,87 1,94 1,91 1,85
Al2O3 14,75 15,29 15,32 14,57 15,11 14,45 15,64 14,98 14,94 14,89 14,61 16,01 13,99 14,15 14,77 15,05 13,62 14,06 14,29
FeO 28,20 28,24 28,40 28,45 28,49 28,63 28,66 28,77 28,84 28,88 28,94 29,50 24,40 24,78 25,00 25,86 25,90 25,95 26,00
MnO 0,15 0,14 0,13 0,14 0,13 0,13 0,14 0,11 0,12 0,11 0,11 0,14 0,11 0,08 0,15 0,10 0,09 0,07 0,11
MgO 6,35 6,41 6,31 6,26 6,45 6,37 6,49 6,09 6,18 6,43 6,29 6,45 9,98 9,87 9,97 7,66 7,85 7,95 8,18
CaO bdl bdl 0,01 bdl bdl 0,02 0,01 bdl bdl bdl bdl 0,04 bdl 0,02 bdl 0,02 0,06 0,01 0,03
Na2O 0,04 0,03 0,05 0,04 0,05 0,08 0,04 0,05 0,03 0,02 0,03 0,03 0,05 0,05 0,05 0,03 0,05 0,05 0,04
K2O 9,49 9,69 9,41 9,64 9,52 9,67 9,08 9,55 9,65 9,15 9,12 8,36 9,71 9,46 8,97 9,36 9,24 9,58 9,50
F 0,10 0,10 0,07 0,04 0,07 bdl 0,10 0,04 0,03 0,17 0,06 0,02 0,06 0,11 bdl 0,01 bdl 0,07 0,14
Cl 0,63 0,56 0,69 0,51 0,59 0,68 0,60 0,64 0,73 0,60 0,64 0,58 0,31 0,33 0,29 0,33 0,29 0,35 0,31
Total 96,86 97,50 97,50 96,84 97,36 96,86 97,42 96,73 97,60 96,30 95,92 96,85 95,81 96,29 95,05 95,48 95,06 96,04 96,22
Structural formula based on 24 (O, OH, F, Cl)
Si 5,59 5,55 5,56 5,60 5,57 5,62 5,51 5,54 5,56 5,50 5,52 5,43 5,59 5,58 5,46 5,58 5,73 5,69 5,64
AlIV 2,41 2,45 2,44 2,40 2,43 2,38 2,49 2,46 2,44 2,51 2,48 2,57 2,41 2,42 2,54 2,42 2,27 2,31 2,36
AlVI 0,34 0,38 0,39 0,32 0,37 0,32 0,40 0,35 0,33 0,30 0,29 0,42 0,18 0,18 0,22 0,38 0,28 0,29 0,29
Ti 0,24 0,22 0,23 0,24 0,21 0,19 0,21 0,22 0,23 0,23 0,23 0,18 0,20 0,22 0,17 0,22 0,23 0,23 0,22
Fe +2 3,73 3,71 3,73 3,77 3,75 3,80 3,77 3,83 3,80 3,86 3,89 3,90 3,20 3,24 3,31 3,42 3,44 3,41 3,42
Mn 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,02 0,02 0,01 0,01 0,02 0,01 0,01 0,01 0,01
Mg 1,50 1,50 1,48 1,48 1,51 1,51 1,52 1,44 1,45 1,53 1,51 1,52 2,34 2,30 2,35 1,81 1,86 1,87 1,92
Ca 0 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0 0,01 0 0,01
Na 0,01 0,01 0,02 0,01 0,01 0,02 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01
K 1,92 1,94 1,89 1,95 1,91 1,96 1,82 1,94 1,94 1,87 1,87 1,69 1,95 1,88 1,81 1,89 1,87 1,92 1,91
Cations 15,76 15,78 15,75 15,78 15,78 15,83 15,75 15,81 15,79 15,81 15,80 15,74 15,89 15,85 15,90 15,74 15,71 15,75 15,77
CF 0,10 0,10 0,07 0,04 0,07 0,00 0,10 0,04 0,03 0,17 0,06 0,02 0,06 0,11 0,00 0,01 0,00 0,07 0,14
CCl 0,34 0,30 0,37 0,27 0,32 0,37 0,32 0,34 0,39 0,33 0,35 0,31 0,16 0,17 0,16 0,18 0,16 0,19 0,17
OH 3,78 3,80 3,78 3,84 3,81 3,82 3,79 3,81 3,79 3,75 3,80 3,84 3,89 3,86 3,92 3,91 3,92 3,87 3,85
XFe 0,71 0,71 0,72 0,72 0,71 0,72 0,71 0,73 0,72 0,72 0,72 0,72 0,58 0,58 0,58 0,65 0,65 0,65 0,64
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.17 Electron microprobe analyses of biotite from the biotite-chlorite-grunerite-calcite alteration zone, continue.
An. No. 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59
T-S No. 26025 26025 26025 26025 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028 26028
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 36,27 36,69 34,96 34,89 35,73 35,89 35,16 36,02 36,34 35,87 34,93 35,46 35,97 36,22 35,28 36,34 35,27 35,81 35,88
TiO2 1,89 1,85 1,77 2,02 1,99 1,95 1,69 1,70 1,69 1,85 1,70 1,85 1,79 1,71 1,83 1,90 1,93 1,71 1,66
Al2O3 14,06 14,72 15,48 15,03 17,03 17,37 17,69 17,31 17,97 17,85 17,92 17,35 17,03 17,62 17,50 16,97 17,65 17,00 17,95
FeO 26,04 26,18 26,61 26,78 23,34 23,67 23,68 23,71 23,84 23,86 23,93 24,02 24,15 24,17 24,22 24,26 24,34 24,36 24,37
MnO 0,13 0,10 0,08 0,11 0,13 0,13 0,13 0,10 0,14 0,06 0,12 0,15 0,10 0,10 0,13 0,13 0,10 0,12 0,13
MgO 7,69 8,14 7,32 7,64 8,25 7,76 8,25 7,93 8,11 8,14 8,24 7,66 7,98 8,24 8,20 7,74 8,35 8,20 7,83
CaO bdl 0,29 bdl 0,03 0,16 bdl bdl 0,01 bdl bdl bdl bdl 0,03 0,07 0,14 bdl 0,07 bdl 0,07
Na2O 0,05 0,11 0,05 0,03 0,08 0,04 0,04 0,04 0,01 0,03 0,01 0,05 0,05 0,06 0,08 0,02 0,03 0,02 0,08
K2O 9,04 8,87 9,83 8,84 9,25 9,94 8,34 9,83 8,72 9,30 8,91 9,67 9,90 8,75 9,21 10,03 9,60 9,86 8,62
F 0,10 0,15 0,06 0,03 0,06 0,09 bdl 0,02 0,11 0,04 0,01 bdl bdl bdl 0,06 0,03 0,08 0,05 0,04
Cl 0,33 0,35 0,33 0,37 0,22 0,24 0,20 0,21 0,20 0,23 0,22 0,25 0,19 0,20 0,17 0,26 0,18 0,17 0,25
Total 95,48 97,31 96,39 95,67 96,16 96,99 95,12 96,83 97,05 97,15 95,94 96,41 97,16 97,09 96,77 97,59 97,51 97,24 96,81
Structural formula based on 24 (O, OH, F, Cl)
Si 5,72 5,67 5,51 5,52 5,51 5,51 5,46 5,53 5,53 5,47 5,40 5,49 5,52 5,52 5,43 5,56 5,40 5,50 5,49
AlIV 2,28 2,33 2,49 2,48 2,49 2,49 2,54 2,47 2,48 2,53 2,60 2,52 2,48 2,48 2,57 2,44 2,60 2,50 2,51
AlVI 0,34 0,35 0,39 0,33 0,60 0,65 0,69 0,66 0,74 0,68 0,67 0,65 0,60 0,68 0,60 0,61 0,58 0,57 0,72
Ti 0,22 0,22 0,21 0,24 0,23 0,23 0,20 0,20 0,19 0,21 0,20 0,22 0,21 0,20 0,21 0,22 0,22 0,20 0,19
Fe +2 3,44 3,38 3,51 3,55 3,01 3,04 3,07 3,05 3,03 3,04 3,10 3,11 3,10 3,08 3,12 3,10 3,12 3,13 3,12
Mn 0,02 0,01 0,01 0,01 0,02 0,02 0,02 0,01 0,02 0,01 0,02 0,02 0,01 0,01 0,02 0,02 0,01 0,02 0,02
Mg 1,81 1,87 1,72 1,80 1,90 1,78 1,91 1,82 1,84 1,85 1,90 1,77 1,83 1,87 1,88 1,77 1,90 1,88 1,79
Ca 0 0,05 0 0,01 0,03 0 0 0 0 0 0 0 0,01 0,01 0,02 0 0,01 0 0,01
Na 0,01 0,03 0,01 0,01 0,02 0,01 0,01 0,01 0 0,01 0 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,03
K 1,82 1,75 1,98 1,78 1,82 1,95 1,65 1,93 1,69 1,81 1,76 1,91 1,94 1,70 1,81 1,96 1,87 1,93 1,68
Cations 15,66 15,66 15,83 15,73 15,63 15,67 15,55 15,67 15,52 15,62 15,64 15,68 15,70 15,56 15,68 15,67 15,73 15,73 15,55
CF 0,10 0,14 0,06 0,03 0,06 0,08 0,00 0,02 0,11 0,03 0,01 0,01 0,00 0,00 0,06 0,03 0,08 0,05 0,03
CCl 0,18 0,18 0,18 0,20 0,11 0,13 0,11 0,11 0,10 0,12 0,12 0,13 0,10 0,11 0,09 0,13 0,09 0,09 0,13
OH 3,86 3,84 3,88 3,88 3,91 3,90 3,95 3,94 3,89 3,92 3,94 3,93 3,95 3,95 3,93 3,92 3,92 3,93 3,92
XFe 0,66 0,64 0,67 0,66 0,61 0,63 0,62 0,63 0,62 0,62 0,62 0,64 0,63 0,62 0,62 0,64 0,62 0,63 0,64
Note: bdl= below detection limit; An. No.= analysis number; T -S No= thin section number
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Table 12.17 Electron microprobe analyses of biotite from the biotite-chlorite-grunerite-calcite alteration zone, continue.
An. No. 60 61 62 63 64 65 66 67 68 69 70 71 72 73
T-S No. 26028 26029 26029 26029 26029 26029 26029 26029 26029 26029 26029 26029 26029 26029
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 35,39 36,43 37,30 36,88 38,21 35,58 34,68 35,88 35,56 36,37 35,08 36,14 35,05 36,01
TiO2 1,68 1,47 1,61 1,62 1,57 1,41 1,46 1,49 1,54 1,90 1,56 1,47 1,61 1,42
Al2O3 17,74 16,60 15,60 16,71 16,11 15,60 16,28 15,92 16,29 16,38 17,04 16,64 17,14 15,94
FeO 24,89 21,59 21,59 21,66 21,79 21,97 22,00 22,08 22,13 22,13 22,16 22,25 22,34 22,97
MnO 0,11 0,05 0,02 0,04 0,06 0,08 0,04 0,05 0,04 0,07 0,04 0,04 0,05 0,05
MgO 7,79 10,60 10,04 10,28 9,89 10,56 10,31 10,22 10,10 10,24 10,48 10,46 10,01 10,59
CaO bdl bdl 0,03 bdl bdl bdl 0,01 0,09 bdl 0,16 bdl bdl bdl 0,03
Na2O 0,01 0,03 0,03 0,05 0,03 0,06 0,03 0,05 0,03 0,05 0,06 0,03 0,07 0,03
K2O 9,69 9,16 9,27 8,98 9,02 9,62 9,58 9,29 9,10 9,15 9,26 9,04 9,70 9,26
F bdl 0,17 0,21 0,08 0,14 0,09 0,12 0,20 0,12 0,16 0,19 0,11 0,15 0,13
Cl 0,21 0,27 0,28 0,29 0,25 0,26 0,23 0,27 0,24 0,26 0,30 0,25 0,27 0,28
Total 97,46 96,24 95,82 96,48 96,94 95,14 94,63 95,38 95,03 96,73 96,01 96,32 96,26 96,59
Structural formula based on 24 (O, OH, F, Cl)
Si 5,43 5,56 5,71 5,60 5,76 5,54 5,44 5,56 5,52 5,54 5,41 5,52 5,40 5,53
AlIV 2,57 2,44 2,29 2,40 2,25 2,46 2,56 2,44 2,48 2,46 2,60 2,48 2,60 2,47
AlVI 0,64 0,54 0,53 0,58 0,61 0,40 0,45 0,47 0,50 0,48 0,50 0,52 0,51 0,41
Ti 0,19 0,17 0,19 0,18 0,18 0,17 0,17 0,17 0,18 0,22 0,18 0,17 0,19 0,16
Fe +2 3,19 2,75 2,77 2,75 2,75 2,86 2,89 2,86 2,87 2,82 2,86 2,84 2,88 2,95
Mn 0,01 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
Mg 1,78 2,41 2,29 2,33 2,22 2,45 2,41 2,36 2,34 2,33 2,41 2,38 2,30 2,42
Ca 0 0 0,01 0 0 0 0 0,02 0 0,03 0 0 0 0
Na 0 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,02 0,01 0,02 0,01
K 1,90 1,78 1,81 1,74 1,73 1,91 1,92 1,84 1,80 1,78 1,82 1,76 1,91 1,81
Cations 15,72 15,67 15,60 15,60 15,50 15,82 15,85 15,73 15,71 15,66 15,78 15,69 15,82 15,77
CF 0,00 0,16 0,20 0,07 0,13 0,09 0,12 0,19 0,12 0,15 0,18 0,11 0,15 0,13
CCl 0,11 0,14 0,15 0,15 0,13 0,14 0,12 0,14 0,12 0,14 0,16 0,13 0,14 0,15
OH 3,95 3,85 3,83 3,89 3,87 3,89 3,88 3,83 3,88 3,86 3,83 3,88 3,86 3,86
XFe 0,64 0,53 0,55 0,54 0,55 0,54 0,54 0,55 0,55 0,55 0,54 0,54 0,56 0,55
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
APPENDICES 168
Table 12.18 Electron microprobe analyses of garnet from the biotite-garnet-quartz schist of the Saint Barbe Volcanic unit.
An. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
T-S No. 26059 26059 26059 26059 26059 26059 26059 26064 26064 26064 26064 26064 26064 26064 26064 26064 26064 26064 26064
Rock Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt
wt.%
SiO2 37,08 36,82 36,27 36,65 36,85 37,32 36,94 36,96 36,59 36,89 36,90 36,95 36,62 36,74 37,01 36,87 36,96 37,12 37,14
TiO2 0,12 0,13 0,11 0,11 0,14 0,13 0,09 0,13 0,13 0,14 0,14 0,12 0,16 0,09 0,12 0,12 0,16 0,08 0,10
Al2O3 20,56 20,51 20,38 20,41 20,43 20,45 20,69 20,48 20,61 20,36 20,50 20,54 20,26 20,45 20,48 20,53 20,29 20,52 20,51
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 28,82 26,09 25,85 26,73 25,68 26,27 26,28 25,42 24,45 23,12 23,31 24,90 23,16 26,12 25,17 24,04 23,29 25,79 25,36
MnO 3,32 7,49 7,36 7,29 7,61 7,40 7,12 6,82 6,63 8,79 9,45 7,47 8,40 5,86 7,06 7,96 8,06 5,27 5,50
MgO 0,51 0,38 0,37 0,38 0,34 0,39 0,36 0,42 0,41 0,40 0,38 0,42 0,37 0,46 0,41 0,39 0,38 0,43 0,42
CaO 9,52 8,15 8,36 8,08 8,67 8,39 8,49 9,78 10,74 9,92 9,31 9,52 10,16 9,48 9,69 9,66 10,08 10,62 10,51
Na2O bdl 0,02 0,02 bdl bdl bdl bdl bdl 0,03 bdl bdl bdl bdl bdl bdl bdl 0,02 0,03 0,02
Total 99,93 99,57 98,71 99,64 99,70 100,35 99,96 99,99 99,58 99,62 99,99 99,92 99,12 99,20 99,93 99,57 99,23 99,87 99,55
Structural formula based on 24 oxygens
TSi 5,98 5,98 5,94 5,95 5,97 6,01 5,97 5,96 5,90 5,96 5,95 5,96 5,95 5,97 5,97 5,96 5,99 5,97 5,99
TAl 0,02 0,02 0,06 0,05 0,03 0,00 0,03 0,05 0,10 0,04 0,05 0,04 0,05 0,03 0,03 0,04 0,01 0,03 0,01
Sum_T 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
AlVI 3,88 3,90 3,87 3,86 3,87 3,88 3,91 3,84 3,82 3,84 3,85 3,86 3,82 3,88 3,86 3,87 3,87 3,86 3,89
Fe3 0,19 0,18 0,18 0,18 0,17 0,18 0,18 0,17 0,17 0,16 0,16 0,17 0,16 0,18 0,17 0,16 0,16 0,17 0,17
Ti 0,01 0,02 0,01 0,01 0,02 0,02 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,02 0,02 0,01 0,01
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 4,09 4,09 4,06 4,05 4,06 4,08 4,10 4,03 4,00 4,01 4,02 4,04 4,00 4,06 4,04 4,05 4,04 4,04 4,07
Fe2 3,69 3,37 3,36 3,45 3,31 3,36 3,37 3,25 3,13 2,97 2,99 3,19 2,99 3,37 3,22 3,09 3,00 3,30 3,25
Mg 0,12 0,09 0,09 0,09 0,08 0,09 0,09 0,10 0,10 0,10 0,09 0,10 0,09 0,11 0,10 0,09 0,09 0,10 0,10
Mn 0,45 1,03 1,02 1,00 1,05 1,01 0,97 0,93 0,91 1,20 1,29 1,02 1,16 0,81 0,96 1,09 1,11 0,72 0,75
Ca 1,64 1,42 1,47 1,41 1,51 1,45 1,47 1,69 1,86 1,72 1,61 1,65 1,77 1,65 1,67 1,67 1,75 1,83 1,82
Na 0 0,01 0,01 0 0 0 0 0 0,01 0 0 0 0 0 0 0 0,01 0,01 0,01
Sum_B 5,91 5,91 5,94 5,95 5,94 5,91 5,91 5,97 6,01 5,99 5,98 5,96 6,00 5,94 5,96 5,95 5,96 5,96 5,93
Cations 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Alm 62,41 56,95 56,57 57,98 55,67 56,86 57,14 54,48 52,19 49,58 49,97 53,56 49,78 56,77 54,08 51,92 50,38 55,33 54,84
And 4,75 4,32 4,36 4,48 4,28 4,34 4,33 4,25 4,12 3,89 3,91 4,15 3,93 4,36 4,20 4,01 3,90 4,29 4,20
Gross 23,06 19,66 20,24 19,17 21,07 20,13 20,56 23,97 26,78 24,78 23,02 23,46 25,53 23,43 23,88 24,10 25,51 26,43 26,47
Pyrope 2,06 1,55 1,52 1,53 1,37 1,58 1,45 1,69 1,64 1,62 1,51 1,69 1,48 1,86 1,66 1,58 1,55 1,73 1,71
Spess 7,66 17,43 17,17 16,85 17,59 17,07 16,49 15,58 15,09 20,10 21,59 17,14 19,25 13,58 16,18 18,34 18,57 12,06 12,67
Uvaro 0 0 0,06 0 0 0,03 0 0,04 0 0,04 0 0 0 0 0 0,04 0 0,02 0
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.18 Electron microprobe analyses of garnet from the biotite-garnet-quartz schist of the Saint Barbe Volcanic unit, continue.
An. No. 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
T-S No. 26064 26064 26064 26064 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066
Rock Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt
wt.%
SiO2 36,81 37,00 36,73 36,95 36,70 36,82 36,64 36,39 37,03 36,91 36,94 36,95 36,72 36,39 36,78 36,70 36,91 37,15 36,57 37,15
TiO2 0,13 0,13 0,20 0,14 0,10 0,23 0,08 0,12 0,08 0,14 0,14 0,09 0,12 0,12 0,09 0,14 0,13 0,09 0,10 0,08
Al2O3 20,44 20,42 20,24 20,55 20,69 20,54 20,69 20,36 20,67 20,46 20,52 20,39 20,38 20,41 20,49 20,48 20,42 20,43 20,52 20,56
Cr2O3 bdl 0,03 bdl 0,02 bdl bdl bdl 0,05 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 25,26 24,10 24,07 24,48 25,11 22,12 27,01 28,31 29,71 26,66 23,81 25,28 26,73 25,90 27,87 24,02 26,31 25,32 27,92 28,63
MnO 6,38 6,95 8,00 6,98 9,29 9,57 4,84 2,78 2,13 5,70 8,37 6,24 5,68 6,34 5,08 7,55 6,29 6,91 3,59 3,35
MgO 0,39 0,37 0,40 0,37 0,53 0,28 0,48 0,52 0,58 0,45 0,36 0,43 0,46 0,45 0,52 0,38 0,39 0,38 0,52 0,55
CaO 10,49 10,50 9,91 10,14 7,63 10,26 9,62 10,18 9,73 9,07 9,81 10,17 9,46 9,46 8,95 10,22 9,38 9,20 10,31 9,84
Na2O bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl 0,03 bdl 0,03 bdl 0,02 bdl 0,04 bdl
Total 99,91 99,49 99,56 99,64 100,05 99,81 99,36 98,69 99,93 99,39 99,98 99,55 99,57 99,05 99,81 99,49 99,85 99,49 99,57 100,15
Structural formula based on 24 oxygens
TSi 5,93 5,98 5,95 5,97 5,93 5,94 5,93 5,93 5,96 5,99 5,95 5,97 5,94 5,92 5,94 5,94 5,96 6,02 5,91 5,97
TAl 0,07 0,02 0,06 0,03 0,07 0,06 0,07 0,07 0,04 0,01 0,05 0,03 0,06 0,08 0,06 0,06 0,04 0,00 0,10 0,03
Sum_T 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
AlVI 3,81 3,87 3,80 3,88 3,87 3,84 3,88 3,84 3,88 3,90 3,84 3,85 3,83 3,83 3,84 3,84 3,85 3,90 3,81 3,86
Fe3 0,17 0,16 0,16 0,17 0,17 0,15 0,18 0,19 0,20 0,18 0,16 0,17 0,18 0,18 0,19 0,16 0,18 0,17 0,19 0,19
Ti 0,02 0,02 0,02 0,02 0,01 0,03 0,01 0,01 0,01 0,02 0,02 0,01 0,02 0,01 0,01 0,02 0,02 0,01 0,01 0,01
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 3,99 4,05 3,99 4,06 4,05 4,02 4,07 4,05 4,09 4,10 4,02 4,04 4,03 4,02 4,05 4,02 4,04 4,08 4,01 4,06
Fe2 3,23 3,09 3,10 3,14 3,23 2,83 3,48 3,66 3,80 3,44 3,05 3,25 3,44 3,35 3,58 3,09 3,38 3,26 3,58 3,65
Mg 0,09 0,09 0,10 0,09 0,13 0,07 0,12 0,13 0,14 0,11 0,09 0,10 0,11 0,11 0,13 0,09 0,09 0,09 0,13 0,13
Mn 0,87 0,95 1,10 0,95 1,27 1,31 0,66 0,38 0,29 0,78 1,14 0,85 0,78 0,87 0,70 1,03 0,86 0,95 0,49 0,46
Ca 1,81 1,82 1,72 1,76 1,32 1,77 1,67 1,78 1,68 1,58 1,69 1,76 1,64 1,65 1,55 1,77 1,62 1,60 1,78 1,69
Na 0 0 0 0 0 0 0 0 0 0 0,01 0,00 0,01 0 0,01 0 0,01 0 0 0
Sum_B 6,01 5,95 6,01 5,94 5,95 5,98 5,93 5,95 5,91 5,90 5,98 5,96 5,98 5,98 5,96 5,98 5,96 5,90 5,99 5,94
Cations 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Alm 53,82 51,97 51,51 52,89 54,23 47,38 58,62 61,57 64,31 58,19 50,98 54,43 57,52 56,00 60,08 51,60 56,65 55,28 59,77 61,54
And 4,26 4,02 4,08 4,07 4,18 3,71 4,49 4,76 4,89 4,41 3,98 4,23 4,49 4,38 4,65 4,04 4,39 4,20 4,70 4,73
Gross 25,89 26,45 24,54 25,42 18,02 25,93 23,68 24,93 23,51 22,30 24,34 25,27 22,96 23,21 21,34 25,55 22,85 22,89 25,06 23,79
Pyrope 1,56 1,49 1,61 1,49 2,16 1,13 1,96 2,12 2,37 1,83 1,45 1,73 1,84 1,81 2,10 1,54 1,58 1,54 2,10 2,21
Spess 14,48 15,98 18,26 16,07 21,38 21,85 11,19 6,44 4,92 13,27 19,11 14,32 13,04 14,61 11,68 17,28 14,44 16,08 8,19 7,67
Uvaro 0 0,08 0 0,07 0,02 0 0 0,16 0 0 0 0,03 0,01 0 0,03 0 0 0 0,01 0
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.18 Electron microprobe analyses of garnet from the biotite-garnet-quartz schist of the Saint Barbe Volcanic unit, continue.
An. No. 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59
T-S No. 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066 26066
Rock Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt Bt-Grt
wt.%
SiO2 36,81 36,84 37,23 37,68 36,77 36,54 36,39 37,02 36,94 36,94 37,02 36,90 37,14 36,86 36,90 36,65 36,99 37,13 36,20 36,89
TiO2 0,10 0,08 0,11 0,17 0,12 0,05 0,10 0,10 0,10 0,10 0,15 0,07 0,10 0,10 0,08 0,07 0,12 0,17 0,14 0,11
Al2O3 20,40 20,79 20,62 20,23 20,33 20,21 20,28 20,45 20,41 20,26 20,45 20,54 20,66 20,59 20,63 20,52 20,78 20,61 20,17 20,57
Cr2O3 bdl 0,03 bdl bdl bdl 0,02 bdl 0,04 bdl bdl 0,02 bdl bdl bdl bdl bdl bdl bdl bdl 0,02
FeO 26,70 25,81 24,61 22,73 25,07 27,62 28,37 28,95 26,48 21,73 23,20 28,26 28,49 26,75 28,15 27,42 25,09 25,57 27,03 25,77
MnO 5,21 6,69 7,43 8,46 6,45 4,00 3,55 2,66 5,80 9,25 8,66 3,48 3,02 5,36 3,68 4,41 7,22 6,20 9,61 6,31
MgO 0,48 0,41 0,40 0,35 0,36 0,48 0,52 0,55 0,42 0,25 0,31 0,50 0,50 0,46 0,51 0,49 0,39 0,46 0,58 0,48
CaO 9,90 9,43 9,58 9,96 9,85 9,90 9,95 9,54 9,49 10,40 10,01 9,80 10,00 9,59 9,77 9,56 9,46 10,07 5,33 9,34
Na2O bdl bdl 0,02 bdl 0,02 bdl bdl bdl bdl 0,01 0,03 0,02 bdl 0,06 bdl bdl bdl bdl bdl bdl
Total 99,59 100,07 99,99 99,58 98,97 98,80 99,16 99,31 99,66 98,93 99,86 99,56 99,90 99,77 99,71 99,12 100,05 100,22 99,06 99,48
Structural formula based on 24 oxygens
TSi 5,95 5,93 6,00 6,09 5,98 5,95 5,91 6,00 5,98 6,01 5,97 5,96 5,98 5,95 5,95 5,95 5,96 5,96 5,95 5,97
TAl 0,05 0,07 0,01 0 0,02 0,05 0,09 0 0,03 0 0,03 0,04 0,02 0,05 0,05 0,05 0,04 0,04 0,05 0,03
Sum_T 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
AlVI 3,83 3,88 3,91 3,85 3,88 3,83 3,79 3,90 3,86 3,88 3,85 3,87 3,89 3,86 3,88 3,88 3,90 3,86 3,85 3,90
Fe3 0,18 0,17 0,17 0,15 0,17 0,19 0,19 0,20 0,18 0,15 0,16 0,19 0,19 0,18 0,19 0,19 0,17 0,17 0,19 0,17
Ti 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,02 0,02 0,02 0,01
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 4,03 4,06 4,08 4,02 4,06 4,03 3,99 4,12 4,06 4,04 4,03 4,07 4,10 4,05 4,07 4,07 4,08 4,05 4,05 4,09
Fe2 3,43 3,30 3,15 2,92 3,24 3,58 3,66 3,73 3,40 2,81 2,97 3,63 3,64 3,43 3,61 3,54 3,21 3,26 3,53 3,32
Mg 0,12 0,10 0,10 0,09 0,09 0,12 0,13 0,13 0,10 0,06 0,08 0,12 0,12 0,11 0,12 0,12 0,09 0,11 0,14 0,12
Mn 0,71 0,91 1,01 1,16 0,89 0,55 0,49 0,37 0,80 1,27 1,18 0,48 0,41 0,73 0,50 0,61 0,98 0,84 1,34 0,87
Ca 1,71 1,63 1,65 1,72 1,72 1,73 1,73 1,66 1,65 1,81 1,73 1,70 1,72 1,66 1,69 1,66 1,63 1,73 0,94 1,62
Na 0 0 0,01 0 0,01 0 0 0 0 0 0,01 0,01 0 0,02 0 0 0 0 0 0
Sum_B 5,98 5,94 5,92 5,89 5,94 5,97 6,01 5,88 5,95 5,96 5,97 5,93 5,90 5,95 5,93 5,93 5,92 5,95 5,95 5,92
Cations 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Alm 57,38 55,59 53,22 49,55 54,55 59,87 60,94 63,36 57,24 47,12 49,79 61,24 61,75 61,23 60,89 59,67 54,21 54,81 59,30 56,03
And 4,48 4,27 4,05 3,81 4,19 4,67 4,82 4,76 4,41 3,65 3,88 4,68 4,67 4,68 4,66 4,57 4,14 4,23 4,58 4,27
Gross 24,20 23,03 23,90 25,44 24,70 24,23 24,00 23,29 23,26 26,76 25,04 23,92 24,51 23,72 23,84 23,50 23,42 24,83 11,19 23,05
Pyrope 1,94 1,64 1,62 1,44 1,49 1,94 2,11 2,26 1,71 1,03 1,25 2,02 2,02 2,04 2,09 2,01 1,57 1,87 2,39 1,97
Spess 11,94 15,37 17,14 19,66 14,97 9,23 8,14 6,22 13,38 21,39 19,83 8,05 6,97 8,07 8,48 10,23 16,63 14,17 22,48 14,62
Uvaro 0 0,08 0 0 0 0,06 0 0,12 0 0 0,07 0,02 0,04 0,02 0 0 0 0,03 0 0,06
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.19 Electron microprobe analyses of chlorite from the biotite-actinolite schist of the Akjoujt Metabasalt unit.
An. No. 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
T-S No. 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016 26016
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 26,44 25,40 26,06 26,19 25,73 25,81 25,05 26,51 24,95 25,54 26,77 24,63 25,39 25,33 25,72 26,41 26,06 25,85
TiO2 0,03 0,08 0,06 0,07 0,03 bdl 0,01 0,11 0,01 0,05 0,04 bdl bdl 0,01 0,05 0,14 0,12 0,02
Al2O3 21,50 21,14 20,71 20,80 22,05 20,92 21,69 20,82 21,85 21,45 20,41 21,58 22,04 21,46 21,10 20,23 20,66 19,95
FeO 28,77 28,40 28,93 29,17 29,46 29,25 29,08 29,35 29,25 29,45 29,72 29,36 29,82 29,62 30,38 30,91 31,15 31,02
MnO 0,15 0,10 0,18 0,12 0,13 0,13 0,13 0,17 0,09 0,15 0,15 0,13 0,15 0,19 0,19 0,20 0,17 0,20
MgO 12,66 12,75 12,93 12,55 12,32 12,96 12,63 11,66 12,67 12,07 12,33 12,77 12,22 12,05 11,84 11,03 11,21 11,51
CaO 0,06 bdl bdl bdl 0,02 bdl bdl 0,15 bdl bdl 0,08 bdl bdl 0,06 0,02 0,02 0,05 0,04
Na2O 0,03 bdl bdl bdl 0,03 0,02 bdl 0,05 bdl 0,02 0,02 0,02 bdl bdl bdl bdl bdl bdl
K2O 0,54 0,15 0,03 0,46 0,29 0,02 0,02 1,03 0,07 0,75 0,04 bdl bdl bdl 0,15 0,58 0,32 0,04
Total 90,18 88,02 88,90 89,37 90,06 89,11 88,61 89,86 88,88 89,46 89,57 88,49 89,61 88,72 89,44 89,52 89,76 88,63
Structural formula based on 36 oxygens, (16 OH)
Si 5,51 5,42 5,51 5,52 5,38 5,45 5,32 5,58 5,29 5,40 5,63 5,26 5,34 5,39 5,45 5,62 5,53 5,55
AlIV 2,49 2,58 2,49 2,48 2,62 2,55 2,68 2,42 2,71 2,60 2,37 2,74 2,66 2,61 2,55 2,38 2,47 2,45
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AlVI 2,78 2,73 2,66 2,69 2,82 2,66 2,75 2,75 2,75 2,75 2,68 2,69 2,81 2,77 2,71 2,68 2,69 2,60
Ti 0,01 0,01 0,01 0,01 0,01 0 0 0,02 0 0,01 0,01 0 0 0 0,01 0,02 0,02 0
Fe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2 5,01 5,07 5,11 5,15 5,15 5,17 5,17 5,17 5,19 5,21 5,23 5,24 5,25 5,27 5,38 5,50 5,53 5,57
Mn 0,03 0,02 0,03 0,02 0,02 0,02 0,02 0,03 0,02 0,03 0,03 0,02 0,03 0,03 0,03 0,04 0,03 0,04
Mg 3,93 4,05 4,07 3,95 3,84 4,08 4,00 3,66 4,01 3,81 3,86 4,06 3,83 3,82 3,74 3,50 3,55 3,69
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K 0,1 0 0 0,1 0,1 0 0 0,3 0 0,2 0 0 0 0 0 0,2 0,1 0
Cations 19,92 19,92 19,90 19,94 19,93 19,94 19,96 19,96 19,98 20,01 19,84 20,02 19,92 19,91 19,93 19,90 19,91 19,92
OH 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
XFe 0,58 0,59 0,59 0,59 0,59 0,59 0,59 0,61 0,59 0,60 0,59 0,59 0,60 0,60 0,61 0,61 0,61 0,61
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.20 Electron microprobe analyses of chlorite from the biotite-chlorite-grunerite-calcite alteration zone.
An. No. 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58
T-S No. 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26018 26022
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 23,67 24,77 24,59 24,92 25,21 24,16 25,63 24,85 24,54 25,29 25,03 25,17 25,24 25,13 25,45 25,19 25,30 25,06 25,68 24,61
TiO2 0,05 0,11 0,05 bdl 0,05 0,07 0,06 0,03 0,01 0,11 0,07 0,09 0,16 0,02 0,05 bdl 0,07 0,08 0,04 0,06
Al2O3 22,37 20,57 20,91 21,06 20,80 22,49 19,23 20,49 20,97 20,10 20,40 20,78 21,05 20,57 20,30 20,88 20,85 20,68 21,81 20,31
FeO 35,19 34,62 34,98 34,85 34,80 34,42 34,18 34,31 34,42 34,48 34,56 34,94 34,56 34,17 34,45 34,25 34,63 35,12 29,16 27,64
MnO 0,27 0,23 0,23 0,20 0,24 0,20 0,22 0,27 0,21 0,21 0,26 0,21 0,22 0,21 0,20 0,23 0,23 0,20 0,14 0,18
MgO 7,85 8,59 8,85 8,79 8,84 8,62 8,87 9,10 9,07 9,05 9,06 9,17 9,01 9,36 9,47 9,47 9,45 9,50 13,14 14,13
CaO bdl bdl 0,02 bdl bdl bdl 0,01 bdl bdl bdl 0,02 bdl bdl bdl bdl bdl 0,02 bdl bdl bdl
Na2O 0,03 bdl bdl bdl bdl 0,02 bdl 0,03 bdl bdl bdl 0,02 bdl bdl 0,02 bdl bdl bdl bdl bdl
K2O bdl 0,17 0,03 bdl bdl 0,03 0,08 0,02 0,02 0,02 bdl 0,02 0,39 0,02 bdl bdl 0,05 bdl 0,03 0,03
Total 89,42 89,07 89,66 89,82 89,95 90,00 88,27 89,09 89,23 89,26 89,38 90,39 90,61 89,49 89,93 90,03 90,59 90,63 90,00 86,97
Structural formula based on 36 oxygens, (16 OH)
Si 5,16 5,41 5,34 5,39 5,44 5,20 5,63 5,41 5,34 5,50 5,44 5,41 5,41 5,44 5,48 5,42 5,41 5,38 5,36 5,32
AlIV 2,84 2,59 2,66 2,61 2,56 2,80 2,37 2,59 2,66 2,50 2,56 2,59 2,59 2,56 2,52 2,59 2,59 2,62 2,64 2,68
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AlVI 2,91 2,71 2,69 2,75 2,73 2,90 2,61 2,67 2,71 2,64 2,66 2,67 2,72 2,68 2,63 2,70 2,67 2,60 2,72 2,49
Ti 0,01 0,02 0,01 0 0,01 0,01 0,01 0,01 0 0,02 0,01 0,02 0,03 0 0,01 0 0,01 0,01 0,01 0,01
Fe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2 6,42 6,33 6,35 6,30 6,28 6,20 6,28 6,25 6,26 6,27 6,28 6,28 6,19 6,18 6,21 6,16 6,20 6,30 5,09 5,00
Mn 0,05 0,04 0,04 0,04 0,04 0,04 0,04 0,05 0,04 0,04 0,05 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0,03 0,03
Mg 2,55 2,80 2,86 2,83 2,84 2,77 2,91 2,96 2,94 2,93 2,94 2,94 2,88 3,02 3,04 3,04 3,02 3,04 4,09 4,55
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K 0 0 0 0 0 0 0 0 0 0 0 0 0,1 0 0 0 0 0 0 0
Cations 19,95 19,94 19,97 19,93 19,91 19,94 19,87 19,95 19,97 19,91 19,94 19,95 19,96 19,93 19,93 19,93 19,95 19,99 19,95 20,09
OH 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
XFe 0,58 0,58 0,58 0,58 0,58 0,57 0,57 0,57 0,57 0,57 0,57 0,57 0,57 0,56 0,56 0,56 0,56 0,56 0,56 0,54
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Table 12.20 Electron microprobe analyses of chlorite from the biotite-chlorite-grunerite-calcite alteration zone, continue.
An. No. 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78
T-S No. 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 24,19 24,81 24,78 25,30 26,07 26,00 25,78 25,59 25,06 24,63 24,80 26,69 26,33 26,91 26,20 26,43 25,72 26,34 26,24 26,15
TiO2 0,06 bdl 0,06 0,06 0,09 0,04 0,05 0,11 0,11 0,05 0,09 0,08 0,07 0,10 0,06 0,06 0,04 0,08 0,09 0,10
Al2O3 20,88 20,59 21,14 20,77 19,34 19,82 20,22 21,01 21,44 22,62 22,24 20,49 20,28 20,51 20,06 19,68 21,00 20,39 20,41 20,69
FeO 27,79 29,11 28,02 28,18 28,87 28,32 28,25 27,78 28,90 27,98 28,16 26,91 28,04 28,41 28,80 29,48 28,99 28,78 27,71 28,13
MnO 0,15 0,16 0,15 0,20 0,22 0,16 0,15 0,18 0,15 0,16 0,14 0,21 0,16 0,16 0,18 0,24 0,19 0,17 0,17 0,14
MgO 13,93 bdl 13,98 13,77 13,21 14,11 14,25 14,00 12,88 13,39 13,42 14,26 14,15 13,05 13,89 13,43 13,35 13,58 14,74 14,12
CaO bdl bdl bdl 0,02 bdl bdl bdl bdl 0,09 bdl bdl bdl bdl 0,03 bdl bdl bdl bdl bdl bdl
Na2O bdl bdl bdl bdl 0,03 0,01 bdl 0,02 0,03 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
K2O 0,17 0,04 bdl bdl 0,54 0,05 bdl bdl 0,14 bdl bdl 0,25 0,04 0,07 0,04 bdl 0,05 0,06 0,03 0,09
Total 87,17 74,71 88,13 88,31 88,36 88,52 88,69 88,69 88,79 88,82 88,85 88,88 89,07 89,23 89,22 89,31 89,33 89,39 89,38 89,41
Structural formula based on 36 oxygens, (16 OH)
Si 5,22 5,33 5,28 5,38 5,58 5,52 5,45 5,40 5,32 5,19 5,23 5,58 5,53 5,64 5,52 5,58 5,42 5,53 5,48 5,47
AlIV 2,78 2,67 2,72 2,62 2,42 2,49 2,55 2,60 2,68 2,81 2,77 2,42 2,47 2,36 2,48 2,42 2,58 2,47 2,52 2,53
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AlVI 2,53 2,53 2,58 2,58 2,45 2,47 2,49 2,61 2,68 2,81 2,76 2,63 2,54 2,70 2,49 2,47 2,62 2,57 2,50 2,57
Ti 0,01 0 0,01 0,01 0,01 0,01 0,01 0,02 0,02 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,02
Fe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2 5,02 5,23 4,99 5,01 5,17 5,02 5,00 4,90 5,13 4,93 4,97 4,71 4,92 4,98 5,07 5,20 5,11 5,05 4,84 4,92
Mn 0,03 0,03 0,03 0,04 0,04 0,03 0,03 0,03 0,03 0,03 0,03 0,04 0,03 0,03 0,03 0,04 0,03 0,03 0,03 0,02
Mg 4,49 4,27 4,44 4,36 4,21 4,46 4,49 4,40 4,08 4,21 4,22 4,45 4,43 4,08 4,36 4,23 4,19 4,25 4,59 4,41
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K 0 0 0 0 0,1 0 0 0 0 0 0 0,1 0 0 0 0 0 0 0 0
Cations 20,13 20,07 20,06 20,00 20,04 20,00 20,02 19,98 20,00 19,98 19,99 19,91 19,95 19,82 19,98 19,96 19,97 19,94 19,99 19,97
OH 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
XFe 0,55 0,56 0,55 0,55 0,56 0,55 0,55 0,55 0,56 0,56 0,55 0,54 0,55 0,56 0,55 0,56 0,56 0,55 0,54 0,55
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
APPENDICES 174
Table 12.20 Electron microprobe analyses of chlorite from the biotite-chlorite-grunerite-calcite alteration zone, continue.
An. No. 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98
T-S No. 26022 26022 26022 26022 26022 26022 26022 26022 26022 26025 26025 26028 26028 26028 26029 26029 26029 26029 26029 26029
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 26,42 26,20 26,53 26,58 27,04 26,65 26,18 26,28 26,69 26,14 25,93 25,30 25,50 26,13 23,79 23,35 23,29 23,87 24,15 24,55
TiO2 0,02 0,04 0,09 0,09 0,15 0,07 0,07 0,06 0,08 0,16 0,23 0,11 0,10 0,16 0,04 0,03 0,04 0,08 0,04 0,07
Al2O3 20,65 20,44 20,34 20,25 19,59 20,59 21,11 21,14 20,45 20,59 20,28 21,69 21,83 21,47 21,43 22,03 22,56 21,74 21,66 21,72
FeO 27,96 28,92 28,59 29,00 28,16 28,31 28,71 28,48 28,81 33,17 32,53 31,46 31,51 30,87 27,98 26,72 27,75 27,16 26,80 27,25
MnO 0,15 0,18 0,18 0,18 0,13 0,23 0,18 0,18 0,16 0,18 0,17 0,15 0,17 0,18 0,08 0,10 0,10 0,09 0,07 0,06
MgO 14,22 13,59 13,59 13,43 14,10 13,87 13,52 13,80 13,78 10,58 10,56 11,86 11,82 11,89 12,88 14,54 13,28 14,35 14,62 14,32
CaO 0,02 0,06 0,02 bdl bdl 0,02 bdl bdl bdl 0,04 0,04 0,04 bdl 0,03 0,02 bdl 0,04 bdl bdl bdl
Na2O bdl bdl bdl bdl bdl 0,02 bdl bdl bdl 0,02 bdl 0,01 bdl 0,01 0,02 bdl bdl 0,01 bdl bdl
K2O 0,06 0,01 0,25 0,08 0,49 0,00 0,04 bdl 0,03 0,35 0,68 bdl 0,02 0,41 0,38 bdl 0,08 0,03 bdl 0,02
Total 89,50 89,44 89,58 89,61 89,66 89,74 89,82 89,94 90,00 91,23 90,43 90,61 90,96 91,15 86,63 86,77 87,13 87,33 87,33 87,98
Structural formula based on 36 oxygens, (16 OH)
Si 5,51 5,51 5,56 5,57 5,65 5,55 5,46 5,47 5,56 5,51 5,52 5,32 5,33 5,44 5,19 5,04 5,03 5,12 5,16 5,22
AlIV 2,49 2,50 2,44 2,43 2,35 2,45 2,54 2,53 2,44 2,49 2,48 2,69 2,67 2,56 2,82 2,96 2,97 2,88 2,84 2,79
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AlVI 2,59 2,56 2,58 2,57 2,48 2,60 2,65 2,65 2,57 2,62 2,60 2,68 2,71 2,71 2,68 2,63 2,76 2,61 2,62 2,65
Ti 0,00 0,01 0,02 0,01 0,02 0,01 0,01 0,01 0,01 0,03 0,04 0,02 0,02 0,03 0,01 0,01 0,01 0,01 0,01 0,01
Fe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2 4,88 5,08 5,01 5,08 4,92 4,93 5,01 4,96 5,02 5,85 5,79 5,53 5,51 5,38 5,10 4,82 5,01 4,87 4,79 4,84
Mn 0,03 0,03 0,03 0,03 0,02 0,04 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,02 0,02 0,02 0,02 0,01 0,01
Mg 4,43 4,26 4,24 4,20 4,39 4,31 4,21 4,28 4,28 3,32 3,35 3,72 3,69 3,69 4,19 4,68 4,27 4,59 4,66 4,54
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K 0 0 0,1 0 0,1 0 0 0 0 0,1 0,2 0 0 0,1 0,1 0 0 0 0 0
Cations 19,95 19,95 19,95 19,92 19,97 19,91 19,93 19,93 19,92 19,95 19,99 19,98 19,96 19,95 20,11 20,15 20,10 20,12 20,09 20,05
OH 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
XFe 0,54 0,55 0,55 0,56 0,54 0,54 0,55 0,55 0,55 0,54 0,54 0,53 0,53 0,53 0,53 0,51 0,53 0,52 0,51 0,52
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.20 Electron microprobe analyses of chlorite from the biotite-chlorite-grunerite-calcite alteration zone, continue.
An. No. 99 100 101 102 103 104 105 106
T-S No. 26029 26029 26029 26029 26029 26029 26029 26029
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 24,19 24,40 25,87 24,95 24,39 26,68 25,23 25,55
TiO2 0,05 0,07 0,09 0,07 0,01 0,11 0,02 0,05
Al2O3 22,01 22,37 21,32 22,09 22,95 21,58 22,74 22,03
FeO 27,30 27,68 26,93 27,41 28,12 26,89 28,17 28,35
MnO 0,10 0,04 0,06 0,12 0,12 0,10 0,07 0,08
MgO 14,46 13,66 14,01 13,73 13,40 13,71 13,48 13,65
CaO bdl bdl bdl bdl bdl 0,03 bdl bdl
Na2O 0,02 bdl bdl bdl bdl 0,19 bdl 0,04
K2O 0,05 bdl 0,13 0,03 bdl 0,33 0,02 bdl
Total 88,17 88,21 88,41 88,40 89,00 89,62 89,72 89,73
Structural formula based on 36 oxygens, (16 OH)
Si 5,13 5,18 5,44 5,27 5,14 5,53 5,26 5,33
AlIV 2,87 2,83 2,56 2,73 2,86 2,47 2,74 2,67
Sum_T 8 8 8 8 8 8 8 8
AlVI 2,64 2,76 2,72 2,76 2,83 2,80 2,83 2,74
Ti 0,01 0,01 0,01 0,01 0 0,02 0 0,01
Fe3 0 0 0 0 0 0 0 0
Fe2 4,85 4,91 4,74 4,84 4,95 4,66 4,91 4,94
Mn 0,02 0,01 0,01 0,02 0,02 0,02 0,01 0,01
Mg 4,58 4,32 4,39 4,32 4,21 4,24 4,19 4,24
Ca 0 0 0 0 0 0 0 0
Na 0 0 0 0 0 0,1 0 0
K 0 0 0 0 0 0,1 0 0
Cations 20,11 20,01 19,92 19,97 20,01 19,90 19,95 19,96
OH 16 16 16 16 16 16 16 16
XFe 0,51 0,52 0,51 0,52 0,53 0,51 0,52 0,52
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.21 Electron microprobe analyses of chlorite from the Fe-Mg clinoamphibole-chlorite phyllonite of the ore breccia.
An. No. 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125
T-S No. 25896 25896 25896 25896 25896 25896 25896 25896 25905 25905 25905 25905 25905 25905 25905 26027 26027 26027 26027
Rock Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl
wt.%
SiO2 25,01 24,80 24,61 26,19 25,12 24,71 25,11 26,74 24,51 25,50 24,99 25,46 25,67 24,87 26,68 26,35 24,75 27,52 23,73
TiO2 0,03 0,04 0,02 0,02 0,07 0,04 0,08 0,02 0,07 0,01 0,10 0,06 0,08 0,07 0,03 0,00 0,11 0,06 0,07
Al2O3 20,66 21,48 22,00 18,62 21,35 20,79 21,50 18,31 22,19 20,71 22,19 22,00 21,04 21,78 20,64 19,45 21,41 17,76 21,85
FeO 30,49 30,31 30,31 30,10 29,83 29,64 28,79 29,45 29,15 28,73 28,01 28,24 28,14 28,06 27,89 33,36 30,69 32,35 30,96
MnO 0,14 0,16 0,18 0,14 0,14 0,15 0,16 0,17 0,10 0,09 0,11 0,13 0,11 0,15 0,13 0,08 0,10 0,11 0,13
MgO 10,99 11,96 12,03 12,40 12,67 12,41 12,36 13,50 11,50 12,42 12,57 13,20 12,93 12,64 13,94 12,03 11,23 12,39 11,86
CaO bdl bdl bdl bdl 0,01 bdl bdl bdl bdl bdl 0,06 bdl bdl bdl 0,08 0,01 bdl 0,02 bdl
Na2O bdl bdl 0,01 bdl bdl 0,01 0,01 bdl 0,02 0,03 0,01 0,02 0,01 bdl 0,01 bdl 0,02 bdl 0,01
K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl bdl 0,02 0,01 bdl 0,03 bdl
Total 87,32 88,74 89,15 87,46 89,19 87,77 88,00 88,19 87,53 87,49 88,05 89,11 87,96 87,58 89,43 91,28 88,30 90,23 88,61
Structural formula based on 36 oxygens, (16 OH)
Si 5,45 5,30 5,24 5,68 5,33 5,34 5,37 5,72 5,28 5,48 5,31 5,35 5,46 5,32 5,57 5,55 5,33 5,83 5,12
AlIV 2,55 2,70 2,76 2,32 2,67 2,66 2,63 2,28 2,72 2,52 2,69 2,65 2,54 2,68 2,43 2,45 2,67 2,17 2,89
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AlVI 2,74 2,71 2,75 2,44 2,66 2,62 2,78 2,34 2,91 2,72 2,87 2,79 2,74 2,81 2,64 2,37 2,76 2,26 2,66
Ti 0,00 0,01 0,00 0,00 0,01 0,01 0,01 0,00 0,01 0,00 0,02 0,01 0,01 0,01 0,01 0,00 0,02 0,01 0,01
Fe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe2 5,55 5,42 5,39 5,46 5,29 5,35 5,15 5,27 5,25 5,16 4,98 4,96 5,01 5,02 4,87 5,87 5,53 5,73 5,58
Mn 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,02 0,02 0,02 0,02 0,02 0,03 0,02 0,01 0,02 0,02 0,02
Mg 3,57 3,81 3,82 4,01 4,01 4,00 3,94 4,31 3,69 3,98 3,99 4,13 4,10 4,04 4,34 3,78 3,60 3,91 3,81
Ca 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0,02 0 0 0 0
Na 0 0 0 0 0 0,01 0 0 0,01 0,01 0 0,01 0 0 0 0 0,01 0 0
K 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0,01 0 0 0,01 0
Cations 19,89 19,98 20,00 19,93 19,99 20,01 19,91 19,96 19,89 19,90 19,89 19,92 19,88 19,91 19,89 20,04 19,93 19,94 20,09
OH 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
XFe 0,61 0,59 0,59 0,58 0,57 0,57 0,57 0,55 0,59 0,56 0,56 0,55 0,55 0,55 0,53 0,61 0,61 0,59 0,59
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.21 Electron microprobe analyses of chlorite from the Fe-Mg clinoamphibole-chlorite phyllonite of the ore breccia, continue.
An. No. 126 127 128 129 130 131 132 133 134 135
T-S No. 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027
Rock Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl
wt.%
SiO2 26,77 25,61 26,30 26,71 25,65 26,29 25,95 26,34 26,75 26,61
TiO2 0,05 0,05 0,02 0,03 0,03 0,02 0,04 0,01 0,04 0,07
Al2O3 19,35 19,00 18,67 18,50 19,07 18,84 19,58 19,02 18,60 19,08
FeO 31,40 30,52 30,09 30,30 29,93 30,72 28,81 29,32 29,27 29,14
MnO 0,07 0,06 0,09 0,07 0,10 0,07 0,10 0,10 0,11 0,06
MgO 12,69 12,61 12,76 12,70 13,02 13,48 13,16 13,24 14,19 13,83
CaO bdl bdl bdl bdl bdl 0,01 bdl bdl bdl bdl
Na2O bdl 0,01 0,01 0,01 bdl 0,02 0,03 bdl 0,03 0,02
K2O bdl 0,02 0,19 bdl 0,02 bdl bdl bdl bdl bdl
Total 90,33 87,88 88,14 88,32 87,83 89,47 87,67 88,03 88,99 88,82
Structural formula based on 36 oxygens, (16 OH)
Si 5,63 5,55 5,66 5,73 5,54 5,59 5,57 5,64 5,67 5,64
AlIV 2,37 2,45 2,34 2,27 2,46 2,42 2,43 2,36 2,34 2,36
Sum_T 8 8 8 8 8 8 8 8 8 8
AlVI 2,43 2,39 2,40 2,40 2,39 2,30 2,52 2,44 2,30 2,40
Ti 0,01 0,01 0 0,01 0,01 0 0,01 0 0,01 0,01
Fe3 0 0 0 0 0 0 0 0 0 0
Fe2 5,53 5,53 5,42 5,44 5,41 5,46 5,17 5,26 5,19 5,16
Mn 0,01 0,01 0,02 0,01 0,02 0,01 0,02 0,02 0,02 0,01
Mg 3,98 4,07 4,10 4,06 4,19 4,27 4,21 4,23 4,48 4,37
Ca 0 0 0 0 0 0 0 0 0 0
Na 0 0 0,01 0,01 0,00 0,01 0,01 0,00 0,01 0,01
K 0 0,01 0,05 0 0,01 0 0 0 0 0
Cations 19,95 20,02 19,99 19,92 20,02 20,05 19,94 19,95 20,01 19,96
OH 16 16 16 16 16 16 16 16 16 16
XFe 0,58 0,58 0,57 0,57 0,56 0,56 0,55 0,55 0,54 0,54
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.22 Electron microprobe analyses of Fe-Mg clinoamphiboles from the biotite-actinolite schist of the Akjoujt Metabasalt unit.
Type grunerite actinolite
An. No. 131 132 133 134 135 136 13 14 15 16 17 18 19 20 21 22 23 24 25
T-S No. 26016 26014 26014 26014 26014 26014 26014 26014 26014 26014 26016 26016 26025 26025 26025 26025 26025 26025 26025
Rock Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 52,15 51,43 51,84 52,22 52,88 52,48 53,15 54,42 53,13 53,63 53,52 53,38 53,29 53,79 53,57 52,61 52,02 52,47 52,57
TiO2 bdl bdl 0,02 bdl bdl bdl 0,05 bdl bdl bdl bdl 0,03 0,05 bdl bdl 0,02 0,04 bdl bdl
Al2O3 0,36 1,90 1,19 0,45 0,50 0,34 0,83 0,42 1,61 0,77 0,70 1,04 1,33 1,24 1,63 2,03 2,83 2,43 2,29
FeO 29,56 29,99 30,20 30,19 31,12 30,66 21,11 15,96 16,88 17,34 17,51 18,60 15,99 16,29 17,05 16,95 18,53 18,47 17,28
MnO 0,69 0,52 0,46 0,38 0,36 0,34 0,19 0,08 0,14 0,10 0,21 0,24 0,24 0,20 0,25 0,28 0,27 0,18 0,23
MgO 12,71 11,66 11,50 12,29 12,26 12,10 12,91 13,18 12,51 12,27 12,53 11,13 13,56 13,60 13,11 12,46 11,84 12,10 12,16
CaO 1,18 1,68 1,07 0,68 0,48 0,46 8,61 12,90 12,17 12,36 12,58 12,06 11,80 11,96 11,59 11,50 11,30 11,47 11,72
Na2O 0,04 0,20 0,13 bdl 0,04 0,06 0,18 0,09 0,31 0,27 0,14 0,31 0,36 0,30 0,40 0,50 0,60 0,52 0,48
K2O bdl 0,07 0,03 bdl bdl bdl bdl bdl 0,06 0,04 0,03 0,02 0,04 0,02 0,03 0,04 0,07 0,04 0,05
Total 96,70 97,43 96,43 96,21 97,65 96,43 97,01 97,05 96,79 96,78 97,21 96,81 96,66 97,41 97,61 96,40 97,49 97,67 96,76
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 7,97 7,83 7,96 8,02 8,01 8,04 7,76 8,03 7,88 7,98 7,92 8,00 7,85 7,86 7,83 7,82 7,68 7,72 7,80
TAl 0,03 0,17 0,05 0 0 0 0,10 0 0,12 0,02 0,08 0,01 0,15 0,14 0,17 0,18 0,32 0,28 0,20
TFe3 0 0 0 0 0 0 0,14 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,03 0,17 0,17 0,08 0,09 0,06 0,04 0,07 0,16 0,12 0,04 0,17 0,08 0,08 0,11 0,17 0,17 0,14 0,20
CFe3 0 0 0 0 0 0 0,87 0 0,03 0 0 0 0,16 0,16 0,22 0,15 0,27 0,25 0,11
CTi 0 0 0 0 0 0 0,01 0 0 0 0 0 0,01 0 0 0 0 0 0
CMg 2,90 2,65 2,63 2,81 2,77 2,77 2,81 2,90 2,77 2,72 2,76 2,49 2,98 2,97 2,86 2,76 2,61 2,65 2,69
CFe2 2,07 2,19 2,20 2,11 2,14 2,17 1,27 1,97 2,05 2,15 2,17 2,32 1,76 1,79 1,80 1,89 1,94 1,94 1,98
CMn 0 0 0 0 0 0 0,01 0,01 0,01 0,01 0,02 0,02 0,02 0,01 0,02 0,02 0,02 0,01 0,01
CCa 0 0 0 0 0 0 0 0,05 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 1,71 1,63 1,68 1,77 1,80 1,76 0,30 0 0,02 0,01 0 0,01 0,05 0,05 0,07 0,06 0,08 0,08 0,05
BMn 0,09 0,07 0,06 0,05 0,05 0,04 0,01 0 0,01 0,01 0 0,02 0,02 0,01 0,02 0,02 0,02 0,01 0,01
BCa 0,19 0,27 0,18 0,11 0,08 0,08 1,35 1,99 1,93 1,97 2,00 1,94 1,86 1,87 1,82 1,83 1,79 1,81 1,86
BNa 0,01 0,03 0,04 0,00 0,01 0,02 0,02 0,01 0,04 0,02 0 0,04 0,05 0,04 0,06 0,07 0,09 0,07 0,07
Sum_B 2 2 2 2 2 2 1,68 2 2 2 2 2 1,98 1,98 1,96 1,98 1,97 1,97 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0 0 0 0 0 0 0,03 0,02 0,05 0,06 0,04 0,05 0,05 0,04 0,06 0,07 0,09 0,08 0,07
AK 0 0 0 0 0 0 0 0 0,01 0,01 0,01 0 0,01 0 0,01 0,01 0,01 0,01 0,01
Sum_A 0 0 0 0 0 0 0,03 0,02 0,06 0,07 0,04 0,05 0,06 0,05 0,06 0,08 0,10 0,08 0,08
Cations 15 15 15 15 15 15 14,71 15,05 15,06 15,07 15,04 15,06 15,04 15,02 15,02 15,06 15,07 15,05 15,07
XMg 0,43 0,41 0,40 0,42 0,41 0,41 0,64 0,60 0,57 0,56 0,56 0,52 0,62 0,62 0,60 0,59 0,56 0,57 0,57
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.23 Electron microprobe analyses of Fe-Mg clinoamphiboles from the biotite-chlorite-grunerite-calcite alteration zone.
Type grunerite
An. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
T-S No. 26022 26022 26022 26022 26022 26022 26022 26022 26022 26022 26025 26025 26028 26028 26028 26028 26028 26028 26028
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 53,75 53,06 52,63 52,84 53,03 52,93 53,15 53,09 53,20 52,47 52,94 53,01 53,49 53,23 51,77 53,34 53,51 53,29 53,30
TiO2 bdl bdl 0,14 0,07 bdl bdl bdl 0,04 bdl bdl 0,05 bdl bdl bdl 0,02 0,05 0,02 bdl bdl
Al2O3 0,22 0,45 0,40 0,44 0,31 0,22 0,24 0,27 0,29 0,39 0,10 0,15 0,11 0,24 1,03 0,32 0,31 0,29 0,18
FeO 28,03 28,23 28,44 28,67 28,78 28,80 28,96 28,98 29,02 29,09 28,10 29,10 29,25 29,39 29,42 29,58 29,61 29,64 29,65
MnO 0,81 0,81 0,98 1,05 0,85 0,98 1,03 0,88 0,82 0,90 0,85 0,78 0,90 0,84 0,77 0,89 0,79 0,83 0,95
MgO 13,79 13,73 13,18 13,05 13,09 13,38 13,07 13,16 12,97 12,86 13,88 13,09 13,31 12,84 12,95 13,17 12,67 13,31 13,04
CaO 0,94 0,58 0,98 0,58 0,75 0,50 0,47 0,51 0,47 0,47 0,76 0,90 0,47 0,51 0,96 0,49 0,59 0,59 0,35
Na2O 0,08 0,08 0,09 0,06 0,07 0,05 0,03 0,04 0,04 0,05 0,02 0,01 0,01 0,05 0,09 0,03 0,04 0,03 0,00
K2O 0,02 bdl bdl bdl 0,01 0,02 0,01 0,01 bdl 0,01 bdl 0,02 bdl 0,02 bdl bdl bdl 0,01 bdl
Total 97,64 96,95 96,85 96,74 96,90 96,87 96,95 96,96 96,81 96,23 96,70 97,05 97,54 97,11 97,01 97,88 97,53 97,98 97,46
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 8,05 8,01 7,99 8,02 8,03 8,03 8,05 8,04 8,06 8,02 8,02 8,03 8,05 8,06 7,88 8,02 8,07 8,01 8,05
TAl 0 0 0,02 0 0 0 0 0 0 0 0 0 0 0 0,12 0 0 0 0
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,04 0,08 0,06 0,08 0,06 0,04 0,04 0,05 0,05 0,07 0,02 0,03 0,02 0,04 0,07 0,06 0,06 0,05 0,03
CFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0 0,01 0 0 0
CMg 3,08 3,09 2,98 2,95 2,96 3,02 2,95 2,97 2,93 2,93 3,14 2,96 2,99 2,90 2,94 2,95 2,85 2,98 2,94
CFe2 1,88 1,83 1,95 1,96 1,99 1,94 2,01 1,98 2,02 2,00 1,84 2,02 1,99 2,06 1,99 1,99 2,10 1,97 2,03
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 1,62 1,73 1,66 1,68 1,66 1,71 1,66 1,69 1,66 1,72 1,72 1,67 1,69 1,66 1,75 1,73 1,64 1,76 1,71
BMn 0,10 0,10 0,13 0,13 0,11 0,13 0,13 0,11 0,11 0,12 0,11 0,10 0,12 0,11 0,10 0,11 0,10 0,11 0,12
BCa 0,15 0,09 0,16 0,09 0,12 0,08 0,08 0,08 0,08 0,08 0,12 0,15 0,08 0,08 0,15 0,08 0,09 0,09 0,06
BNa 0,02 0,02 0,03 0,02 0,02 0,01 0,01 0,01 0,01 0,02 0,01 0,00 0,00 0,01 0,00 0,01 0,01 0,01 0,00
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0
ANa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,03 0 0 0 0
AK 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,04 0 0 0 0
Cations 14,95 14,96 14,98 14,94 14,95 14,96 14,93 14,94 14,92 14,95 14,97 14,96 14,94 14,93 15,04 14,95 14,91 14,97 14,94
XMg 0,47 0,46 0,45 0,45 0,45 0,45 0,45 0,45 0,44 0,44 0,47 0,44 0,45 0,44 0,44 0,44 0,43 0,44 0,44
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.23 Electron microprobe analyses of Fe-Mg clinoamphiboles from the biotite-chlorite-grunerite-calcite alteration zone, continue.
Type grunerite
An. No. 20 21 22 23 24 25
T-S No. 26028 26028 26028 26029 26029 26029
Rock BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 53,18 53,28 51,73 53,35 52,78 52,63
TiO2 bdl 0,03 bdl bdl 0,04 bdl
Al2O3 0,28 0,27 0,35 0,27 0,84 0,15
FeO 29,67 29,69 29,77 28,37 28,62 28,70
MnO 0,92 0,90 0,90 0,51 0,44 0,55
MgO 12,85 12,92 13,59 14,38 14,18 14,45
CaO 0,59 0,47 0,57 0,61 0,68 0,63
Na2O 0,05 0,01 0,02 0,02 0,13 0,01
K2O bdl bdl bdl bdl bdl 0,01
Total 97,53 97,57 96,92 97,50 97,72 97,14
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 8,03 8,04 7,90 8,00 7,91 7,95
TAl 0 0 0,06 0 0,09 0,03
TFe3 0 0 0 0 0 0
TTi 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8
CAl 0,05 0,05 0,00 0,04 0,06 0
CFe3 0 0 0 0 0 0
CTi 0 0 0 0 0 0
CMg 2,89 2,91 3,09 3,21 3,17 3,26
CFe2 2,06 2,04 1,91 1,74 1,77 1,75
CMn 0 0 0 0 0 0
CCa 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5
BMg 0 0 0 0 0 0
BFe2 1,69 1,70 1,90 1,81 1,82 1,88
BMn 0,12 0,12 0,12 0,07 0,06 0,07
BCa 0,10 0,08 0,00 0,10 0,11 0,05
BNa 0,01 0,00 0,00 0,01 0,01 0,00
Sum_B 2 2 2 2 2 2
ACa 0 0 0,1 0 0 0,05
ANa 0 0 0,01 0 0,03 0
AK 0 0 0 0 0 0
Sum_A 0 0 0,10 0 0,03 0,06
Cations 14,95 14,94 15,07 14,98 15,03 15,04
XMg 0,44 0,44 0,45 0,47 0,47 0,47
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.24 Electron microprobe analyses of Fe-Mg clinoamphiboles from the ore breccia in the metacarbonate.
Type grunerite
An. No. 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61
T-S No. 25901 25901 25901 25901 25901 25901 25901 25901 25901 25901 25901 25901 25905 25905 25905 25905 25905 25905 25905 25905 25905
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 52,42 52,15 51,72 52,18 51,70 51,68 52,14 52,06 52,13 51,35 52,26 52,16 53,26 52,43 52,90 52,80 52,89 53,15 52,84 52,26 52,54
TiO2 0,02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl 0,02 0,07 bdl 0,02 bdl
Al2O3 0,44 0,18 0,60 0,22 0,30 0,17 0,27 0,07 0,18 0,60 0,23 0,43 0,35 0,16 0,11 0,25 0,15 0,26 0,12 0,59 0,35
FeO 32,48 32,44 32,54 32,66 32,47 32,54 32,82 32,67 32,95 32,74 33,01 33,18 29,20 29,61 29,82 29,85 30,04 30,18 30,07 30,26 30,35
MnO 0,65 0,68 0,63 0,71 0,66 0,68 0,70 0,62 0,67 0,70 0,62 0,66 0,71 0,68 0,66 0,65 0,65 0,62 0,62 0,60 0,58
MgO 11,38 11,66 11,36 11,45 11,49 11,86 11,54 11,59 11,50 11,30 11,33 11,44 13,67 13,79 13,81 13,37 13,78 13,53 13,72 13,01 13,20
CaO 0,35 0,27 0,35 0,28 0,29 0,28 0,29 0,23 0,28 0,53 0,32 0,33 0,47 0,25 0,28 0,47 0,29 0,22 0,31 0,31 0,30
Na2O 0,05 0,04 0,12 0,03 0,04 0,02 0,03 0,02 0,03 0,06 0,02 0,05 0,06 0,00 0,00 0,03 0,04 0,05 0,02 0,01 0,04
K2O bdl 0,01 bdl 0,01 0,03 0,02 0,01 bdl bdl 0,01 bdl bdl bdl 0,06 bdl bdl 0,01 bdl bdl 0,20 bdl
Total 97,79 97,41 97,32 97,53 96,97 97,25 97,79 97,26 97,74 97,29 97,77 98,25 97,75 96,98 97,57 97,41 97,86 98,08 97,70 97,25 97,36
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 8,00 8,00 7,95 8,00 7,97 7,95 7,98 8,00 7,98 7,91 8,00 7,95 8,00 7,97 7,99 7,99 7,97 7,99 7,98 7,95 7,97
TAl 0 0,01 0,05 0 0,03 0,03 0,02 0 0,02 0,09 0 0,05 0 0,03 0,02 0,01 0 0,02 0,02 0,05 0,03
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,08 0,03 0,06 0,04 0,03 0 0,03 0,01 0,02 0,02 0,04 0,03 0,06 0 0,01 0,03 0 0,03 0 0,05 0,03
CFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0
CMg 2,59 2,67 2,60 2,62 2,64 2,72 2,63 2,66 2,63 2,60 2,59 2,60 3,06 3,13 3,11 3,02 3,10 3,03 3,09 2,95 2,98
CFe2 2,33 2,31 2,34 2,35 2,33 2,28 2,34 2,33 2,36 2,38 2,38 2,37 1,88 1,88 1,89 1,95 1,91 1,93 1,91 2,00 1,98
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 1,81 1,85 1,84 1,84 1,86 1,91 1,86 1,87 1,86 1,84 1,85 1,86 1,79 1,89 1,88 1,83 1,88 1,86 1,88 1,85 1,87
BMn 0,08 0,09 0,08 0,09 0,09 0,09 0,09 0,08 0,09 0,09 0,08 0,09 0,09 0,09 0,08 0,08 0,08 0,08 0,08 0,08 0,08
BCa 0,06 0,04 0,06 0,05 0,05 0,00 0,05 0,04 0,05 0,07 0,05 0,05 0,08 0,03 0,04 0,08 0,04 0,04 0,04 0,05 0,05
BNa 0,02 0,01 0,02 0,01 0,01 0,00 0,01 0,01 0,01 0,00 0,01 0,00 0,02 0,00 0,00 0,01 0,00 0,02 0,00 0,00 0,01
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0,05 0 0 0 0,02 0 0 0 0,02 0,01 0 0,01 0 0,01 0 0
ANa 0 0 0,02 0 0 0,01 0 0 0,01 0,02 0 0,02 0 0 0 0 0,01 0 0,01 0 0
AK 0 0 0 0 0,01 0 0 0 0 0 0 0 0 0,01 0 0 0 0 0 0,04 0
Sum_A 0 0 0,02 0 0,01 0,05 0 0 0,01 0,04 0 0,02 0 0,03 0,01 0 0,02 0 0,02 0,04 0
Cations 14,97 15,00 15,02 14,99 15,01 15,04 15,00 15,00 15,01 15,04 14,99 15,02 14,98 15,03 15,01 14,99 15,02 14,99 15,02 15,02 15,00
XMg 0,38 0,39 0,38 0,38 0,39 0,39 0,39 0,39 0,38 0,38 0,38 0,38 0,45 0,45 0,45 0,44 0,45 0,44 0,45 0,43 0,44
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.24 Electron microprobe analyses of Fe-Mg clinoamphiboles from the ore breccia in the metacarbonate, continue.
Type grunerite
An. No. 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82
T-S No. 25905 25905 25905 25905 25905 25905 25905 25905 25905 25905 27145 27145 27145 27145 27145 27145 27145 27145 27145 27145 27145
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 52,37 52,82 52,65 52,45 52,31 52,71 52,22 52,75 52,50 52,83 53,43 53,37 53,49 53,20 52,98 53,12 53,32 52,99 52,87 52,78 53,04
TiO2 bdl 0,02 bdl 0,06 0,04 bdl bdl 0,02 0,02 0,09 bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl bdl
Al2O3 0,72 0,40 0,28 0,50 0,74 0,69 0,63 0,41 0,38 0,34 0,16 0,07 0,23 0,11 0,21 0,18 0,17 0,12 0,30 0,61 0,19
FeO 30,42 30,57 30,72 30,62 30,51 30,70 30,60 30,82 30,74 30,98 29,65 29,54 29,71 29,69 29,58 29,78 30,04 29,93 29,93 29,88 29,85
MnO 0,61 0,62 0,67 0,60 0,66 0,64 0,64 0,61 0,59 0,70 0,62 0,59 0,67 0,67 0,69 0,69 0,62 0,62 0,62 0,61 0,60
MgO 12,81 12,97 13,23 12,84 12,32 12,50 12,75 13,17 12,96 12,88 13,78 13,08 12,94 13,11 12,93 12,94 13,50 13,57 13,42 12,90 13,11
CaO 0,64 0,51 0,47 0,52 0,55 0,43 0,68 0,35 0,30 0,30 0,45 0,40 0,37 0,40 0,37 0,42 0,35 0,35 0,41 0,56 0,37
Na2O 0,09 0,05 0,01 0,06 0,12 0,08 0,13 0,03 0,06 0,04 0,01 0,03 0,05 0,04 0,07 0,02 0,02 0,01 0,01 0,06 0,02
K2O bdl bdl bdl 0,02 0,02 bdl 0,03 0,01 0,02 bdl bdl 0,01 0,02 0,01 0,01 bdl bdl bdl bdl bdl bdl
Total 97,65 97,96 98,03 97,66 97,27 97,76 97,68 98,17 97,56 98,16 98,10 97,08 97,47 97,22 96,84 97,16 98,01 97,61 97,55 97,40 97,16
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 7,93 7,97 7,95 7,95 7,96 7,97 7,92 7,95 7,97 7,97 8,01 8,07 8,07 8,05 8,05 8,05 8,01 8,00 7,99 7,99 8,04
TAl 0,07 0,03 0,05 0,05 0,04 0,03 0,08 0,05 0,04 0,03 0 0 0 0 0 0 0 0 0,02 0,02 0
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,06 0,04 0,00 0,04 0,09 0,10 0,04 0,02 0,03 0,03 0,03 0,01 0,04 0,02 0,04 0,03 0,03 0,02 0,04 0,09 0,03
CFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0,01 0,01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CMg 2,89 2,92 2,98 2,90 2,79 2,82 2,88 2,96 2,93 2,90 3,08 2,95 2,91 2,96 2,93 2,92 3,02 3,05 3,02 2,91 2,96
CFe2 2,05 2,04 2,02 2,05 2,11 2,09 2,08 2,02 2,04 2,06 1,89 2,04 2,05 2,02 2,03 2,04 1,95 1,93 1,94 2,00 2,01
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 1,81 1,82 1,86 1,83 1,77 1,80 1,80 1,87 1,87 1,85 1,82 1,70 1,70 1,73 1,73 1,73 1,83 1,85 1,84 1,78 1,78
BMn 0,08 0,08 0,09 0,08 0,09 0,08 0,08 0,08 0,08 0,09 0,08 0,08 0,09 0,09 0,09 0,09 0,08 0,08 0,08 0,08 0,08
BCa 0,10 0,08 0,05 0,08 0,09 0,07 0,11 0,05 0,05 0,05 0,07 0,07 0,06 0,07 0,06 0,07 0,06 0,06 0,07 0,09 0,06
BNa 0,01 0,02 0,00 0,01 0,04 0,03 0,00 0,00 0,01 0,01 0,00 0,01 0,02 0,01 0,02 0,01 0,01 0,00 0,00 0,02 0,01
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0,02 0 0 0 0 0,01 0 0 0 0 0 0 0 0 0 0 0 0 0
ANa 0,02 0 0 0,01 0 0 0,04 0,01 0,01 0 0 0 0 0 0 0 0 0 0 0 0
AK 0 0 0 0 0 0 0,01 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 0,02 0 0,03 0,01 0 0 0,04 0,02 0,01 0 0 0 0 0 0 0 0 0 0 0 0
Cations 15,02 15,00 15,03 15,01 14,99 14,98 15,04 15,02 15,01 15,00 14,98 14,92 14,92 14,95 14,94 14,94 14,98 14,99 14,99 14,97 14,95
XMg 0,43 0,43 0,43 0,43 0,42 0,42 0,43 0,43 0,43 0,43 0,45 0,44 0,44 0,44 0,44 0,44 0,44 0,45 0,44 0,43 0,44
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.24 Electron microprobe analyses of Fe-Mg clinoamphiboles from the ore breccia in the metacarbonate, continue.
Type grunerite cummingtonite
An. No. 83 84 85 86 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
T-S No. 27145 27145 27145 27145 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 53,11 52,99 53,23 53,01 54,77 54,15 53,56 54,14 54,79 54,64 53,84 54,61 53,64 54,15 54,61 54,55 53,11 54,09 54,09 54,64 53,62
TiO2 bdl bdl bdl bdl 0,06 0,02 bdl 0,03 bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl bdl bdl bdl
Al2O3 0,23 0,21 0,18 0,21 0,04 0,04 0,02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 30,00 30,06 30,25 30,19 25,80 26,11 25,50 25,89 25,75 24,76 25,87 25,47 25,65 25,77 25,76 25,99 24,59 25,50 25,55 25,65 25,74
MnO 0,62 0,66 0,65 0,65 0,81 0,74 0,76 0,80 0,81 0,71 0,79 0,78 0,80 0,83 0,82 0,78 0,90 0,82 0,81 0,87 0,77
MgO 12,87 12,97 12,87 12,85 17,12 16,45 16,72 16,88 16,98 17,15 16,78 17,08 16,87 16,85 16,58 17,14 17,77 17,01 16,76 16,44 16,59
CaO 0,41 0,37 0,43 0,39 0,15 0,17 0,11 0,12 0,13 0,13 0,13 0,13 0,12 0,12 0,14 0,11 0,14 0,13 0,13 0,14 0,15
Na2O 0,02 0,04 0,04 0,02 0,02 0,01 0,01 0,01 0,02 bdl bdl 0,02 bdl bdl 0,01 0,01 0,01 bdl 0,01 0,01 bdl
K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl
Total 97,26 97,28 97,65 97,32 98,77 97,69 96,67 97,87 98,48 97,40 97,41 98,08 97,07 97,72 97,92 98,61 96,51 97,56 97,34 97,74 96,87
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 8,04 8,03 8,04 8,03 8,04 7,92 8,01 7,99 8,01 7,99 8,05 8,01 8,04 7,98 7,99 7,99 7,98 7,98 7,98 7,99 8,01
TAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,04 0,04 0,03 0,04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CMg 2,91 2,93 2,90 2,90 3,76 3,95 3,73 3,72 3,70 3,75 3,61 3,70 3,64 3,74 3,72 3,71 3,74 3,71 3,71 3,69 3,63
CFe2 2,05 2,04 2,07 2,06 1,24 1,05 1,27 1,28 1,30 1,26 1,39 1,30 1,36 1,26 1,28 1,29 1,26 1,29 1,29 1,32 1,37
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 1,75 1,78 1,75 1,77 1,81 2,02 1,86 1,87 1,85 1,90 1,77 1,86 1,81 1,92 1,90 1,89 1,93 1,90 1,92 1,89 1,86
BMn 0,08 0,08 0,08 0,08 0,09 0,11 0,10 0,10 0,10 0,10 0,11 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,09
BCa 0,07 0,06 0,07 0,06 0,02 0 0,02 0,02 0,02 0 0,02 0,02 0,02 0 0,01 0,01 0 0 0 0,01 0,03
BNa 0,01 0,01 0,01 0,01 0 0 0,01 0 0,01 0 0 0 0 0 0 0 0 0 0 0 0
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0,02 0 0 0 0,02 0 0 0 0,02 0,01 0,01 0,02 0,02 0,02 0,02 0
ANa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
AK 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0 0 0 0 0 0 0 0
Sum_A 0 0 0 0 0 0,02 0 0 0 0,02 0 0 0 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0
Cations 14,94 14,96 14,95 14,95 14,96 15,08 14,99 15,00 14,99 15,01 14,95 14,99 14,97 15,02 15,01 15,01 15,02 15,02 15,02 15,01 14,99
XMg 0,43 0,43 0,43 0,43 0,55 0,56 0,54 0,54 0,54 0,54 0,53 0,54 0,53 0,54 0,54 0,54 0,54 0,54 0,54 0,53 0,53
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.24 Electron microprobe analyses of Fe-Mg clinoamphiboles from the ore breccia in the metacarbonate, continue.
Type cummingtonite
An. No. 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
T-S No. 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 52,23 53,73 52,56 53,48 53,87 53,12 52,94 54,07 52,84 53,90 53,35 53,63 53,13 52,86 53,59 53,22 53,61 53,43 53,38 53,74 51,91
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl bdl bdl bdl bdl 0,02 bdl 0,02 0,02 bdl bdl
Al2O3 0,02 0,02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 25,82 26,32 25,33 26,06 26,29 26,39 25,64 25,95 26,18 26,42 26,50 25,34 25,64 25,26 25,72 25,99 26,25 26,38 26,46 26,51 26,59
MnO 0,79 0,77 0,78 0,83 0,89 0,89 0,76 0,86 0,85 0,86 0,87 0,82 0,75 0,76 0,82 0,82 0,84 0,87 0,78 0,87 0,86
MgO 17,01 16,11 17,25 16,43 16,20 16,20 16,61 16,52 16,30 16,19 16,03 16,96 16,53 17,06 16,27 16,35 16,30 16,38 16,35 16,32 16,44
CaO 0,15 0,16 0,18 0,16 0,23 0,19 0,16 0,17 0,17 0,17 0,23 0,16 0,16 0,20 0,16 0,19 0,11 0,19 0,19 0,20 0,17
Na2O 0,01 bdl 0,02 0,03 0,01 0,01 0,03 bdl bdl 0,01 bdl bdl bdl bdl bdl 0,03 bdl 0,02 bdl 0,03 0,02
K2O bdl bdl bdl bdl bdl bdl 0,04 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,02
Total 96,03 97,11 96,12 96,98 97,49 96,79 96,17 97,57 96,35 97,54 96,99 96,90 96,20 96,13 96,57 96,60 97,11 97,29 97,18 97,67 96,01
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 7,98 7,94 7,91 8,00 8,01 7,98 7,96 7,98 7,97 7,89 8,00 7,99 8,00 8,01 7,96 7,98 7,95 7,97 7,96 7,97 7,98
TAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CFe 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CMg 3,76 3,82 3,87 3,65 3,63 3,70 3,72 3,65 3,65 3,83 3,59 3,62 3,58 3,58 3,64 3,61 3,66 3,64 3,62 3,61 3,58
CFe 2 1,24 1,18 1,13 1,35 1,37 1,30 1,28 1,35 1,35 1,17 1,41 1,38 1,42 1,42 1,36 1,39 1,34 1,36 1,38 1,39 1,43
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe 2 1,91 1,99 2,05 1,86 1,84 1,92 1,95 1,91 1,91 2,09 1,85 1,89 1,86 1,86 1,93 1,90 1,95 1,94 1,93 1,92 1,89
BMn 0,10 0,10 0,10 0,11 0,10 0,10 0,10 0,11 0,10 0,10 0,11 0,11 0,11 0,10 0,11 0,11 0,11 0,10 0,11 0,11 0,11
BCa 0 0 0 0,03 0,03 0 0 0 0 0 0,04 0 0,03 0,03 0 0 0 0 0 0 0
BNa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0,03 0,03 0,03 0 0 0,03 0,03 0,03 0,03 0,02 0 0,02 0 0 0,03 0,03 0,03 0,03 0,03 0,03 0,04
ANa 0 0 0,01 0 0 0 0,01 0,01 0,01 0 0 0 0 0 0,01 0,01 0 0 0 0 0
AK 0 0 0 0 0 0 0,01 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 0,03 0,04 0,03 0 0 0,03 0,04 0,04 0,04 0,03 0 0,02 0 0,00 0,04 0,04 0,03 0,03 0,03 0,03 0,04
Cations 15,02 15,06 15,10 15,00 14,99 15,02 15,05 15,03 15,03 15,11 15,00 15,01 15,00 14,99 15,04 15,03 15,04 15,03 15,04 15,03 15,02
XMg 0,54 0,55 0,55 0,53 0,53 0,53 0,54 0,53 0,53 0,54 0,52 0,53 0,52 0,52 0,53 0,52 0,53 0,52 0,52 0,52 0,52
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.24 Electron microprobe analyses of Fe-Mg clinoamphiboles from the ore breccia in the metacarbonate, continue.
Type cummingtonite
An. No. 39 75 76 77 78 79 80 81 82 83 54 55 56 57 58 59 60 61 63 64 65
T-S No. 25894 25897 25897 25897 25897 25897 25897 25897 25897 25897 27139 27139 27139 27139 27139 27139 27139 27139 27139 27139 27139
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 53,63 54,01 54,19 54,52 54,43 55,26 54,64 53,93 53,70 54,77 54,55 53,79 54,08 54,06 53,71 53,77 54,02 53,38 53,98 53,96 53,89
TiO2 bdl bdl bdl bdl 0,03 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Al2O3 bdl 0,02 0,02 0,02 bdl bdl bdl bdl bdl bdl 0,03 0,02 0,02 bdl bdl bdl bdl bdl bdl bdl bdl
FeO 26,63 24,35 24,07 24,30 23,11 23,87 24,15 23,66 23,88 23,05 24,53 25,20 25,40 25,33 25,42 24,98 24,64 24,88 25,20 24,28 25,49
MnO 0,88 0,58 0,50 0,50 0,46 0,51 0,58 0,44 0,61 0,43 0,53 0,53 0,60 0,58 0,48 0,54 0,54 0,57 0,54 0,53 0,51
MgO 16,28 17,85 17,97 18,15 18,15 18,00 17,90 18,20 17,83 18,77 18,07 16,16 16,76 17,03 16,76 17,55 16,50 17,48 16,59 17,39 16,39
CaO 0,19 0,14 0,15 0,16 0,16 0,14 0,15 0,19 0,18 0,15 0,11 0,12 0,12 0,13 0,12 0,14 0,15 0,17 0,13 0,12 0,14
Na2O bdl 0,03 0,04 bdl 0,02 bdl 0,01 0,03 0,02 0,02 0,02 0,02 bdl 0,02 0,01 bdl 0,01 0,01 bdl 0,01 bdl
K2O 0,02 0,03 bdl bdl bdl bdl bdl bdl bdl bdl 0,02 bdl 0,02 bdl bdl bdl bdl bdl bdl bdl bdl
Total 97,62 97,00 96,95 97,64 96,36 97,77 97,43 96,44 96,21 97,18 97,86 95,84 97,00 97,16 96,50 96,97 95,86 96,49 96,44 96,29 96,42
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 7,88 8,01 8,03 8,05 7,98 8,01 7,99 7,99 7,99 7,98 7,75 7,98 8,02 8,05 8,07 8,03 7,97 7,96 8,01 8,04 8,07
TAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CFe 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CMg 3,72 4,09 3,99 3,91 4,02 3,91 3,95 3,95 3,96 3,93 3,01 3,94 3,85 3,72 3,68 3,78 3,88 3,88 3,77 3,70 3,64
CFe 2 1,28 0,91 1,00 1,09 0,98 1,09 1,05 1,05 1,04 1,07 1,86 1,06 1,15 1,27 1,32 1,22 1,12 1,12 1,23 1,30 1,36
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe 2 2,10 1,91 1,85 1,82 1,95 1,88 1,92 1,92 1,94 1,94 1,58 1,94 1,87 1,80 1,76 1,87 1,97 1,98 1,89 1,82 1,77
BMn 0,11 0,05 0,06 0,06 0,06 0,07 0,06 0,08 0,06 0,07 0,06 0,07 0,07 0,08 0,07 0,07 0,07 0,07 0,07 0,07 0,07
BCa 0 0,02 0,03 0,02 0 0,02 0,02 0 0 0 0,36 0 0,02 0,02 0,02 0,02 0 0 0,02 0,02 0,02
BNa 0 0,01 0,01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0,03 0 0 0 0,03 0 0,01 0,03 0,02 0,02 0,01 0,02 0 0 0 0 0,02 0,03 0 0 0
ANa 0,01 0 0 0 0,01 0 0,01 0,01 0 0,01 0,08 0,01 0 0 0 0 0 0 0 0 0
AK 0 0 0 0 0 0 0 0 0 0,01 0,01 0 0 0 0 0 0 0 0 0 0
Sum_A 0,04 0 0 0 0,04 0 0,02 0,03 0,03 0,03 0,10 0,03 0 0 0 0 0,02 0,03 0 0 0
Cations 15,13 15,00 14,97 14,95 15,02 14,99 15,01 15,02 15,01 15,03 15,10 15,02 14,98 14,95 14,93 14,98 15,03 15,05 14,99 14,96 14,94
XMg 0,52 0,59 0,58 0,57 0,58 0,57 0,57 0,57 0,57 0,57 0,47 0,57 0,56 0,55 0,54 0,55 0,56 0,56 0,55 0,54 0,54
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
APPENDICES 186
Table 12.24 Electron microprobe analyses of Fe-Mg clinoamphiboles from the ore breccia in the metacarbonate, continue.
Type cummingtonite
An. No. 66 67 68 69 70 71 72 73 74
T-S No. 27139 27139 27139 27139 27139 27139 27139 27139 27139
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 54,02 54,40 53,77 54,44 54,00 54,26 53,25 54,03 53,82
TiO2 bdl bdl bdl 0,02 bdl bdl bdl bdl bdl
Al2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 24,81 25,37 24,93 24,84 25,16 25,22 25,27 25,35 25,49
MnO 0,54 0,54 0,56 0,60 0,55 0,59 0,53 0,47 0,58
MgO 17,08 16,54 16,28 16,89 17,05 16,72 16,60 16,68 16,69
CaO 0,11 0,10 0,15 0,13 0,13 0,13 0,12 0,13 0,15
Na2O bdl 0,01 0,01 0,02 0,01 0,01 bdl 0,01 0,04
K2O bdl bdl 0,02 bdl bdl bdl bdl bdl 0,02
Total 96,55 96,96 95,71 96,94 96,90 96,92 95,76 96,67 96,77
Structural formula based on 23 oxygen (Robinson et al., 1981)
TSi 8,00 8,04 8,06 8,02 8,03 8,07 8,01 8,01 8,01
TAl 0 0 0 0 0 0 0 0 0
TFe3 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8
CAl 0 0 0 0 0 0 0 0 0
CFe3 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0
CMg 3,76 3,69 3,65 3,71 3,70 3,61 3,73 3,70 3,72
CFe2 1,24 1,31 1,35 1,29 1,30 1,39 1,27 1,30 1,28
CMn 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0
BFe2 1,90 1,83 1,80 1,86 1,85 1,78 1,90 1,88 1,90
BMn 0,07 0,07 0,07 0,08 0,06 0,07 0,06 0,07 0,07
BCa 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02
BNa 0,01 0 0 0 0 0,01 0 0,01 0
Sum_B 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0
ANa 0 0 0 0 0 0 0 0 0
AK 0 0 0 0 0 0 0 0 0
Sum_A 0 0 0 0 0 0 0 0 0
Cations 15,00 14,96 14,94 14,98 14,97 14,93 14,99 15,00 15,00
XMg 0,55 0,54 0,54 0,54 0,54 0,53 0,54 0,54 0,54
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.25 Electron microprobe analyses of Fe-Mg clinoamphiboles from the Fe-Mg clinoamphibole-chlorite phyllonite of the ore breccia.
Type grunerite
An. No. 10 11 12 13 14 15 52 53 54 55 56 57 58 59 60 61 62 63 64 65
T-S No. 26027 26027 26027 26027 26027 26027 25896 25896 25896 25896 25896 25896 25896 25896 25896 25896 25896 25896 25896 25896
Rock Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl
wt.%
SiO2 53,17 52,68 52,35 52,63 52,09 52,57 52,50 52,26 52,68 52,47 52,69 52,58 52,62 52,10 52,78 52,79 52,58 52,70 52,51 52,72
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl 0,03 0,02 0,08 0,01 bdl bdl 0,03 bdl
Al2O3 0,10 0,26 0,05 0,24 0,47 0,03 0,03 0,04 0,18 0,03 0,29 0,05 0,09 0,22 0,17 0,10 0,03 0,07 0,08 0,21
FeO 31,07 31,64 31,46 31,68 31,71 32,27 30,06 30,06 30,54 30,34 30,64 30,54 30,51 30,45 30,84 30,93 30,70 30,87 30,75 31,06
MnO 0,62 0,67 0,64 0,64 0,69 0,66 0,89 0,86 0,88 0,97 0,82 0,93 0,90 0,90 0,98 0,89 0,91 0,92 1,05 0,92
MgO 12,24 11,78 11,71 11,36 11,43 11,41 13,19 12,92 13,22 13,06 13,16 13,18 12,89 12,80 12,89 13,21 12,90 13,08 12,80 12,65
CaO 0,22 0,23 0,20 0,36 0,21 0,16 0,11 0,17 0,23 0,18 0,18 0,09 0,15 0,18 0,15 0,15 0,17 0,14 0,14 0,22
Na2O 0,01 0,04 0,00 0,05 0,07 0,02 0,02 0,02 0,04 bdl 0,03 bdl 0,03 0,04 0,03 0,02 0,01 0,02 0,01 0,03
K2O bdl bdl 0,01 bdl bdl bdl 0,03 bdl 0,01 bdl 0,01 bdl bdl 0,01 bdl 0,01 bdl bdl bdl bdl
Total 97,41 97,30 96,42 96,95 96,67 97,11 96,84 96,32 97,78 97,07 97,82 97,36 97,22 96,72 97,91 98,10 97,30 97,79 97,37 97,82
Structural formula based on 23 oxygen, using 15-NK calculation method (Robinson et al., 1981)
TSi 8,07 8,04 8,06 8,07 8,02 8,06 8,01 8,02 7,97 8,00 7,97 7,99 8,01 7,98 7,99 7,97 8,01 7,99 8,00 7,99
TAl 0 0 0 0 0 0 0 0 0,03 0 0,03 0,01 0 0,02 0,01 0,02 0 0,01 0 0,01
TFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
CAl 0,02 0,05 0,01 0,04 0,09 0,01 0,01 0,01 0,01 0 0,02 0 0,02 0,02 0,02 0 0,01 0 0,01 0,03
CFe3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CTi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,01 0 0 0 0 0
CMg 2,77 2,68 2,69 2,59 2,62 2,61 3,00 2,95 2,98 2,97 2,97 2,99 2,92 2,92 2,91 2,97 2,93 2,95 2,91 2,86
CFe2 2,21 2,27 2,30 2,36 2,29 2,39 2,00 2,04 2,01 2,03 2,01 2,01 2,06 2,06 2,07 2,03 2,07 2,05 2,08 2,11
CMn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CCa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
BMg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BFe2 1,73 1,77 1,75 1,70 1,79 1,76 1,84 1,82 1,85 1,84 1,87 1,87 1,83 1,85 1,84 1,88 1,84 1,87 1,83 1,83
BMn 0,08 0,09 0,08 0,08 0,09 0,09 0,12 0,11 0,11 0,13 0,11 0,12 0,12 0,12 0,13 0,11 0,12 0,12 0,14 0,12
BCa 0,04 0,04 0,03 0,06 0,04 0,03 0,02 0,03 0,04 0,03 0,03 0,01 0,03 0,03 0,02 0,01 0,03 0,02 0,02 0,04
BNa 0,00 0,01 0,00 0,01 0,02 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,01
Sum_B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ACa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,02 0 0,01 0 0
ANa 0 0 0 0 0 0 0 0 0,01 0 0,01 0 0 0 0 0,01 0 0,01 0 0
AK 0 0 0 0 0 0 0,01 0 0 0 0 0 0 0 0 0 0 0 0 0
Sum_A 0 0 0 0 0 0 0,01 0 0,02 0 0,01 0 0 0 0 0,03 0 0,01 0 0
Cations 14,92 14,94 14,93 14,92 14,95 14,94 14,99 14,98 15,02 15,00 15,01 15,00 14,98 15,00 14,99 15,02 14,99 15,01 15,00 14,99
XMg 0,41 0,40 0,40 0,39 0,39 0,39 0,44 0,43 0,44 0,43 0,43 0,43 0,43 0,43 0,43 0,43 0,43 0,43 0,43 0,42
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.26 Electron microprobe analyses of apatite from the biotite-chlorite-grunerite-calcite alteration zone.
An. No. 9 10 11 12 13 14 15 16 17
T-S No. 26020 26020 26020 26020 26020 26020 26020 26020 26020
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
FeO bdl 0,02 bdl 0,03 0,02 0,03 0,04 0,03 bdl
SrO 0,03 0,05 0,04 bdl 0,01 0,02 0,02 0,02 0,05
CaO 56,23 56,12 55,91 56,28 56,34 56,41 56,29 56,43 56,09
Na2O 0,03 0,03 0,01 0,03 0,03 0,01 0,01 0,04 0,02
P2O5 41,94 42,76 43,49 42,71 42,91 43,29 42,66 42,85 43,50
F 3,42 3,22 3,30 3,96 3,60 2,92 4,22 3,86 3,38
Cl 0,04 0,06 0,04 0,06 0,07 0,05 0,05 0,07 0,05
Total 100,19 100,83 101,35 101,33 101,37 101,43 101,45 101,58 101,61
Structural formula based on 12 oxygens (Federico et al., 1994)
Fe 2+ 0 0 0 0 0 0 0 0 0
Sr 0 0 0 0 0 0 0 0 0
Ca 4,85 4,79 4,73 4,80 4,79 4,77 4,80 4,80 4,74
Na 0 0 0 0 0,01 0 0 0,01 0
P 2,86 2,88 2,91 2,88 2,88 2,89 2,88 2,88 2,90
Cations 7,71 7,68 7,64 7,68 7,68 7,66 7,69 7,69 7,65
CF 1,74 1,62 1,65 2,00 1,81 1,46 2,13 1,94 1,68
CCl 0,01 0,02 0,01 0,02 0,02 0,01 0,01 0,02 0,01
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.27 Electron microprobe analyses of apatite from the Fe-Mg clinoamphibole-chlorite phyllonite and from the ore breccia in the
metacarbonate.
An. No. 1 2 3 4 5 6 7 8 18 19 20 21 22 23 24 25 26 27 28 29 30 31
T-S No. 25896 25896 25896 25896 25896 25896 25896 25896 26026 26026 26026 26026 26026 26026 26026 26026 26026 26026 26026 26026 26026 26026
Rock Phyl Phyl Phyl Phyl Phyl Phyl Phyl Phyl Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
FeO 0,76 0,48 0,28 0,13 0,28 0,19 0,36 0,62 0,15 0,16 0,18 0,27 0,12 0,11 0,06 0,06 0,06 0,17 0,05 0,08 0,06 0,03
SrO 0,04 bdl bdl bdl 0,01 0,01 bdl 0,01 bdl 0,02 0,05 0,04 0,05 0,01 0,02 0,01 bdl bdl 0,02 0,01 0,02 0,02
CaO 54,38 55,34 55,70 55,89 56,36 55,72 55,62 56,15 55,06 55,84 55,54 55,21 56,08 55,69 55,83 56,01 55,89 55,97 56,07 55,99 55,74 56,07
Na2O 0,03 0,05 0,03 0,03 0,04 0,03 0,04 0,04 0,04 0,03 0,03 0,05 0,03 0,02 0,04 0,04 0,02 0,04 0,04 0,03 0,03 0,04
P2O5 41,94 42,42 42,19 42,32 42,50 42,77 43,50 42,91 41,95 41,97 41,87 42,58 42,21 42,46 42,41 43,06 43,32 43,43 43,33 43,35 43,73 43,76
F 2,99 2,56 3,08 3,77 2,57 3,74 2,93 2,69 2,64 2,64 3,27 2,51 1,96 2,42 2,78 2,75 2,88 2,35 2,88 2,98 2,97 2,72
Cl 0,05 0,04 0,03 0,07 0,04 0,04 0,05 0,03 0,15 0,19 0,20 0,21 0,20 0,14 0,18 0,18 0,18 0,20 0,15 0,16 0,30 0,20
Total 98,86 99,77 99,97 100,53 100,67 100,87 101,20 101,28 98,69 99,51 99,53 99,56 99,58 99,65 99,93 100,72 100,92 100,92 101,13 101,14 101,23 101,45
Structural formula based on 12 oxygens (Federico et al., 1994)
Fe 2+ 0,05 0,03 0,02 0,01 0,02 0,01 0,02 0,04 0,01 0,01 0,01 0,02 0,01 0,01 0 0 0 0,01 0 0,01 0 0
Sr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ca 4,73 4,76 4,80 4,80 4,81 4,76 4,71 4,76 4,79 4,82 4,81 4,75 4,82 4,79 4,80 4,76 4,74 4,73 4,75 4,74 4,70 4,72
Na 0 0,01 0,01 0,01 0,01 0 0,01 0,01 0,01 0,01 0,01 0,01 0 0 0,01 0,01 0 0,01 0,01 0,01 0 0,01
P 2,88 2,88 2,87 2,87 2,87 2,89 2,91 2,88 2,88 2,87 2,87 2,89 2,87 2,88 2,88 2,89 2,90 2,90 2,90 2,90 2,92 2,91
Cations 7,67 7,68 7,69 7,69 7,70 7,67 7,64 7,69 7,68 7,71 7,70 7,67 7,70 7,68 7,69 7,66 7,65 7,65 7,66 7,65 7,63 7,64
CF 1,54 1,30 1,57 1,91 1,29 1,89 1,46 1,35 1,36 1,34 1,67 1,28 1,00 1,23 1,41 1,38 1,44 1,17 1,44 1,49 1,48 1,35
CCl 0,02 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,04 0,05 0,06 0,06 0,05 0,04 0,05 0,05 0,05 0,06 0,04 0,04 0,08 0,05
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.28 Electron microprobe analyses of siderite (Sd1; core-rim) from the least-altered metacarbonate.
core rim core rim core rim
An. No. 18 19 20 21 25 26 27 28 29 31 32 33 34
T-S No. 27140 27140 27140 27140 27123 27123 27123 27123 27123 27123 27123 27123 27123
Rock Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb
SrO 0,02 0,03 bdl bdl bdl 0,02 bdl bdl bdl bdl bdl 0,03 bdl
MgO 18,12 17,93 18,29 18,44 18,07 17,84 18,35 17,86 18,26 18,26 18,84 18,87 18,92
CaO 0,48 0,48 0,49 0,15 0,47 0,46 0,50 0,42 0,50 0,54 0,27 0,31 0,38
FeO 35,23 36,33 35,53 35,48 35,39 35,46 35,09 35,04 35,82 34,89 34,11 34,29 34,15
MnO 1,84 1,89 1,94 1,97 2,02 2,13 2,15 2,19 2,21 1,97 2,19 2,28 2,34
CO2 42,89 43,39 43,32 43,21 43,03 42,88 43,25 42,65 43,64 42,96 43,04 43,27 43,33
Total 98,58 100,04 99,58 99,27 98,99 98,79 99,34 98,16 100,42 98,62 98,45 99,05 99,12
XMg 33,96 33,04 33,98 34,20 33,81 33,47 34,34 33,75 33,76 34,36 35,58 35,50 35,65
core rim
An. No. 38 39 40 41 42 43 44 45 46
T-S No. 27134 27134 27134 27134 27134 27134 27134 27134 27134
Rock Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb
SrO 0,05 bdl 0,02 0,02 0,02 bdl 0,02 bdl bdl
MgO 18,76 18,87 18,36 18,93 18,39 18,61 18,26 18,73 18,81
CaO 0,47 0,86 0,70 0,48 0,83 0,83 0,88 0,94 0,73
FeO 34,54 33,91 34,66 34,67 34,32 33,96 34,34 33,47 34,74
MnO 1,95 2,01 2,03 2,04 2,09 2,11 2,12 2,14 2,15
CO2 43,24 43,30 43,10 43,56 43,05 43,09 42,99 43,02 43,72
Total 99,01 98,97 98,86 99,70 98,70 98,62 98,61 98,30 100,15
XMg 35,20 35,76 34,63 35,32 34,88 35,40 34,72 35,89 35,13
An. No. 52 53 54 55 56 57 58 59 60 61 35 36
T-S No. 27134 27134 27134 27134 27134 27134 27134 27134 27134 27134 27123 27123
Rock Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb
SrO bdl bdl 0,04 bdl 0,02 0,03 0,02 bdl bdl bdl bdl bdl
MgO 19,01 21,20 20,25 19,85 20,48 20,68 20,75 20,75 20,97 20,83 19,32 18,57
CaO 0,52 0,43 0,35 0,26 0,33 0,32 0,31 0,22 0,45 0,34 0,35 0,48
FeO 33,55 31,59 32,61 32,33 32,70 32,78 32,51 32,05 32,06 32,62 34,00 34,41
MnO 2,07 1,83 2,27 2,53 2,15 2,19 2,06 2,11 2,11 2,15 2,06 2,10
CO2 42,99 43,97 43,78 43,25 43,98 44,28 44,09 43,76 44,20 44,33 43,47 43,03
Total 98,14 99,03 99,29 98,22 99,66 100,28 99,72 98,89 99,79 100,27 99,19 98,59
XMg 36,17 40,16 38,31 38,04 38,51 38,69 38,96 39,30 39,55 38,97 36,23 35,05
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.29 Electron microprobe analyses of siderite (Sd2/3; core-rim) from ore breccia in the metacarbonate.
core rim core rim
An. No. 102 103 104 105 106 107 108 109 62 63 64 65 66 67 68 69
T-S No. 27138 27138 27138 27138 27138 27138 27138 27138 27139 27139 27139 27139 27139 27139 27139 27139
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO bdl bdl bdl bdl bdl 0,02 bdl bdl bdl 0,02 0,06 bdl bdl bdl bdl bdl
MgO 24,02 23,14 23,15 23,15 19,84 19,92 18,56 14,44 24,55 23,97 21,75 21,23 20,44 17,94 14,88 14,54
CaO 0,41 0,37 0,41 0,34 0,45 0,39 0,28 0,39 0,36 0,36 0,41 0,39 0,33 0,32 0,25 0,16
FeO 28,16 28,88 29,99 30,12 33,41 34,32 36,48 40,98 27,84 27,90 31,15 31,15 33,50 36,28 39,66 40,97
MnO 1,73 1,73 1,63 1,64 1,79 1,80 1,63 2,37 1,53 1,48 1,49 1,67 1,41 1,42 1,89 1,86
CO2 44,87 44,32 44,98 45,01 43,59 44,20 43,84 42,64 45,08 44,47 44,10 43,60 43,96 42,94 41,91 42,25
Total 99,20 98,44 100,17 100,26 99,09 100,64 100,80 100,82 99,36 98,20 98,95 98,05 99,64 98,91 98,61 99,79
XMg 46,03 44,49 43,57 43,46 37,26 36,73 33,73 26,06 46,87 46,21 41,12 40,53 37,89 33,08 27,28 26,19
core rim core rim core rim
An. No. 108 109 110 111 112 113 114 115 96 97 98 99 71 72 73
T-S No. 27138 27138 27138 27138 27138 27138 27138 27138 27138 27138 27138 27138 27139 27139 27139
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO 0,03 bdl 0,07 bdl 0,03 bdl 0,02 bdl bdl bdl 0,02 bdl 0,06 bdl bdl
MgO 23,80 23,91 20,57 20,24 18,92 18,69 18,90 18,06 23,10 23,18 23,43 19,38 22,26 17,64 17,55
CaO 0,38 0,35 0,52 0,70 0,42 0,33 0,37 0,30 0,49 0,43 0,40 0,51 0,36 0,13 0,08
FeO 28,30 28,44 33,38 33,86 34,99 35,09 35,12 35,91 28,94 28,99 29,41 33,43 30,36 37,23 37,27
MnO 1,81 1,79 1,31 1,31 1,65 1,83 1,69 1,91 1,79 1,75 1,72 1,91 1,51 0,76 0,76
CO2 44,75 44,91 44,15 44,19 43,46 43,29 43,50 43,12 44,44 44,49 44,98 43,22 44,15 42,63 42,53
Total 99,07 99,40 100,00 100,29 99,47 99,23 99,60 99,29 98,77 98,84 99,96 98,45 98,70 98,39 98,19
XMg 45,68 45,67 38,13 37,42 35,10 34,76 34,99 33,46 44,40 44,44 44,34 36,70 42,31 32,15 32,01
An. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
T-S No. 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO 0,02 bdl bdl bdl 0,02 0,02 0,02 0,00 0,02 bdl bdl 0,01 0,02 bdl bdl bdl
MgO 13,70 19,24 13,79 22,72 13,92 19,87 14,97 19,51 21,47 21,60 21,98 20,41 21,03 24,91 22,28 21,49
CaO 0,18 0,43 0,11 0,48 0,08 0,46 0,13 0,44 0,52 0,43 0,44 0,28 0,33 0,06 0,14 0,25
FeO 41,96 33,81 43,13 29,46 43,20 33,84 40,97 34,01 30,14 30,52 30,13 32,22 31,31 27,06 29,63 30,69
MnO 0,94 2,16 0,88 2,52 0,67 2,19 0,82 2,06 2,68 2,58 2,42 2,11 2,11 2,12 2,14 2,00
CO2 41,39 43,39 42,10 44,80 42,14 44,15 42,06 43,76 43,97 44,21 44,29 43,55 43,71 45,13 43,91 43,70
Total 98,19 99,03 100,00 100,00 100,03 100,52 98,96 99,79 98,79 99,32 99,26 98,57 98,49 99,28 98,10 98,12
XMg 24,62 36,27 24,22 43,54 24,36 36,99 26,76 36,45 41,60 41,44 42,18 38,77 40,19 47,93 42,93 41,19
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.29 Electron microprobe analyses of siderite (Sd2/3) from ore breccia in the metacarbonate, continue.
An. No. 17 18 19 20 21 24 25 26 27 28 29 30 31 32 33 34
T-S No. 27126 27126 27126 27126 27126 27139 27139 27139 27139 27139 27140 27140 27140 27140 27140 27140
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO bdl bdl bdl 0,02 0,04 0,03 bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl
MgO 22,45 19,95 21,61 14,41 19,35 23,05 19,85 19,99 20,69 16,47 22,84 22,28 18,27 19,35 17,28 17,24
CaO 0,50 0,44 0,54 0,14 0,46 0,36 0,30 0,45 0,42 0,09 0,47 0,42 0,16 0,36 0,28 0,32
FeO 29,50 33,62 30,89 42,41 34,54 29,69 34,16 33,09 31,73 38,95 29,71 29,66 35,26 35,17 37,90 37,25
MnO 2,49 2,14 2,53 0,86 2,17 1,56 1,52 1,52 1,75 0,79 2,23 2,14 1,89 1,43 1,57 1,57
CO2 44,53 44,05 44,51 42,37 44,00 44,62 43,77 43,39 43,44 42,40 44,89 44,15 42,85 43,84 43,27 42,87
Total 99,48 100,20 100,07 100,22 100,56 99,30 99,61 98,43 98,02 98,70 100,16 98,65 98,43 100,17 100,29 99,26
XMg 43,22 37,24 41,17 25,36 35,91 43,71 36,75 37,66 39,47 29,72 43,47 42,89 34,14 35,49 31,32 31,64
An. No. 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134
T-S No. 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO bdl 0,03 0,02 bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl 0,02 0,02 bdl
MgO 18,98 19,27 19,52 18,75 18,57 18,68 18,25 20,99 20,09 18,25 19,23 19,26 19,26 20,07 20,60 19,63
CaO 0,33 0,35 0,33 0,40 0,45 0,44 0,45 0,27 0,33 0,42 0,46 0,38 0,40 0,44 0,29 0,52
FeO 35,29 34,32 33,43 34,83 35,62 35,01 35,25 32,27 33,68 34,91 33,76 34,40 33,97 33,51 33,12 34,66
MnO 1,97 2,03 1,96 2,02 2,03 2,04 2,04 1,96 1,94 2,04 1,98 1,99 1,98 1,93 1,81 2,00
CO2 43,82 43,60 43,28 43,37 43,71 43,45 43,15 44,11 44,03 42,90 43,27 43,63 43,38 43,99 44,13 44,32
Total 100,38 99,59 98,54 99,38 100,38 99,62 99,16 99,60 100,07 98,51 98,72 99,65 99,00 99,95 99,95 101,15
XMg 36,29 35,32 34,43 35,83 36,62 36,01 36,25 33,27 34,68 35,91 34,76 35,40 34,97 34,51 34,12 35,66
An. No. 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150
T-S No. 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892 25892
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO 0,02 bdl bdl bdl 0,02 bdl bdl 0,02 bdl bdl bdl 0,06 bdl bdl bdl 0,03
MgO 18,43 17,92 20,30 18,21 18,17 18,42 18,78 18,66 18,57 19,13 16,52 19,21 17,28 19,10 18,54 17,67
CaO 0,33 0,53 0,34 0,54 0,40 0,51 0,40 0,37 0,50 0,43 0,42 0,47 0,38 0,41 0,50 0,64
FeO 35,64 35,93 33,71 35,98 35,37 35,29 35,04 35,79 34,92 33,56 37,03 33,28 36,01 34,63 34,67 35,72
MnO 2,09 2,08 1,85 2,10 2,05 2,07 2,07 2,19 2,13 2,21 2,73 2,19 2,45 2,11 2,14 2,15
CO2 43,52 43,27 44,23 43,65 43,10 43,42 43,57 43,95 43,38 43,15 42,75 43,10 42,74 43,70 43,20 43,02
Total 100,04 99,72 100,43 100,48 99,10 99,72 99,87 100,97 99,51 98,48 99,46 98,31 98,85 99,95 99,05 99,22
XMg 36,64 36,93 34,71 36,98 33,94 34,30 34,89 34,27 34,71 36,30 30,85 36,59 32,42 35,55 34,85 33,09
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.29 Electron microprobe analyses of siderite (Sd2/3) from ore breccia in the metacarbonate, continue.
An. No. 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166
T-S No. 25892 25892 25892 25892 25892 25892 25892 25892 25894 25894 25894 25892 25892 25894 25894 25894
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO 0,02 0,02 bdl bdl bdl 0,02 bdl 0,03 bdl bdl 0,03 bdl 0,02 bdl bdl 0,03
MgO 18,46 18,87 18,35 18,12 17,90 18,10 18,49 19,55 16,92 17,47 19,07 15,95 15,93 18,11 19,10 20,35
CaO 0,56 0,57 0,39 0,48 0,82 0,44 0,49 0,46 0,80 0,62 0,38 0,55 0,53 0,46 0,42 0,32
FeO 34,85 34,54 35,04 35,19 35,01 35,64 34,99 33,89 36,13 35,86 34,10 38,00 37,49 34,68 34,03 32,77
MnO 2,18 2,13 2,12 2,11 2,18 2,13 2,14 2,11 2,23 2,20 2,21 2,76 2,74 2,16 2,18 1,99
CO2 43,30 43,53 43,12 43,02 42,99 43,27 43,32 43,78 42,62 42,89 43,38 42,84 42,47 42,72 43,38 43,78
Total 99,36 99,66 99,02 98,92 98,91 99,60 99,43 99,82 98,70 99,04 99,17 100,12 99,17 98,15 99,12 99,23
XMg 34,63 35,33 34,37 33,99 33,83 33,68 34,57 36,58 31,90 32,76 35,87 29,57 29,82 34,31 35,95 38,31
An. No. 167 174 176 177 179 181 182 183 189 190 159 160 161 163 166 167
T-S No. 25894 25894 25894 25894 25894 25894 25894 25894 25894 25894 25897 25897 25897 25897 25897 25897
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
SrO bdl 0,04 0,02 bdl 0,05 0,02 0,05 bdl bdl bdl bdl bdl bdl bdl bdl bdl
MgO 20,02 15,83 16,94 16,78 16,40 17,09 16,97 16,70 15,37 14,60 19,34 23,59 23,05 23,70 21,08 21,84
CaO 0,28 0,36 0,93 0,94 0,61 0,58 0,88 0,97 1,19 0,57 0,05 0,38 0,39 0,36 0,33 0,45
FeO 32,82 37,42 35,88 36,15 37,92 35,82 36,49 36,49 37,65 40,00 36,16 28,71 29,54 28,51 32,74 30,59
MnO 2,16 2,98 2,24 2,30 2,47 2,36 2,27 2,35 2,50 2,40 0,56 1,42 1,48 1,35 1,14 1,58
CO2 43,52 42,35 42,60 42,64 43,16 42,53 43,00 42,80 42,32 42,39 43,66 44,52 44,49 44,46 44,03 43,92
Total 98,81 98,98 98,60 98,82 100,62 98,41 99,67 99,30 99,03 99,96 99,77 98,63 98,95 98,38 99,31 98,38
XMg 37,89 29,72 32,07 31,71 30,19 32,30 31,74 31,39 28,98 26,74 34,84 45,10 43,83 45,39 39,17 41,66
An. No. 168 170 217 218 219
T-S No. 25897 25897 25927 25927 25927
Rock Brec Brec Brec Brec Brec
SrO bdl 0,02 0,04 0,03 bdl
MgO 22,89 23,96 19,81 18,89 16,51
CaO 0,45 0,41 0,42 0,60 0,46
FeO 30,00 28,72 32,76 34,63 36,45
MnO 1,44 1,34 2,40 2,25 2,40
CO2 44,61 44,91 43,53 43,72 42,20
Total 99,38 99,35 98,97 100,13 98,02
XMg 43,28 45,48 37,68 35,29 31,18
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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12.4.2 Oxide and sulfide minerals
Table 12.30 Electron microprobe analyses of magnetite from the least-altered metacarbonate and from the ore breccia.
An. No. 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
T-S No. 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26938 26938
Rock Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb
Al2O3 0,05 0,03 bdl 0,05 bdl 0,03 0,04 0,04 0,05 0,03 0,03 0,04 0,05 0,02 0,03 0,02 0,06 0,03 0,06 0,05
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl bdl
Cr2O3 0,05 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe2O3 68,22 68,34 68,36 68,34 68,41 68,40 68,40 68,41 68,30 68,49 68,42 68,53 68,55 68,60 68,59 68,57 68,63 68,75 68,70 68,79
FeO 30,71 30,69 30,77 30,74 30,76 30,77 30,77 30,80 30,78 30,79 30,78 30,84 30,83 30,82 30,84 30,86 30,86 30,86 30,91 30,95
MgO 0,02 0,05 bdl 0,02 0,01 0,02 bdl 0,01 0,01 0,02 0,01 0,01 0,02 0,03 0,02 0,02 0,03 0,05 0,04 0,01
V2O3 bdl bdl 0,03 bdl bdl 0,04 bdl bdl 0,09 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,05 bdl
MnO 0,02 bdl bdl 0,02 bdl bdl 0,03 bdl bdl 0,02 bdl bdl bdl bdl 0,02 0,02 bdl bdl bdl 0,02
Total 99,06 99,10 99,16 99,17 99,19 99,25 99,23 99,26 99,22 99,34 99,25 99,41 99,45 99,46 99,49 99,52 99,58 99,69 99,76 99,82
An. No. 4 5 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27
T-S No. 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
Al2O3 0,05 0,02 0,10 0,05 0,05 0,03 0,05 0,05 0,05 0,02 0,05 0,02 0,04 0,03 0,03 0,05 0,05 0,04 0,04 0,06 0,05 0,06
TiO2 0,03 bdl bdl 0,03 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe2O3 68,70 68,87 68,90 68,84 69,05 69,10 69,04 68,96 68,56 68,90 68,52 68,63 68,61 68,60 68,64 68,62 68,62 68,69 68,70 68,75 68,77 68,79
FeO 31,01 31,02 30,91 31,09 31,10 31,08 31,06 31,14 30,33 30,97 30,89 30,89 30,86 30,89 30,89 30,91 30,91 30,91 30,97 30,90 30,96 30,95
MgO 0,01 bdl 0,12 0,03 bdl 0,03 0,05 0,01 0,35 0,03 0,01 0,01 bdl bdl 0,01 bdl bdl 0,01 0,01 0,03 0,01 0,03
V2O3 0,15 0,14 0,09 0,17 0,03 0,08 0,10 0,21 0,15 bdl 0,07 0,03 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
MnO 0,03 0,04 bdl bdl 0,02 0,02 bdl bdl bdl bdl bdl bdl 0,04 bdl bdl bdl bdl bdl bdl 0,03 bdl bdl
Total 99,98 100,09 100,11 100,20 100,25 100,34 100,28 100,37 99,43 99,93 99,53 99,57 99,55 99,52 99,57 99,57 99,58 99,64 99,75 99,76 99,79 99,82
An. No. 28 29 30 31 32 33 34 35 36 37 1 2 3 40 41 42 43 44 45 46 47 48
T-S No. 27126 27126 27126 27126 27126 27126 27126 27126 27126 27126 27199 27199 27199 27211 27211 27211 27211 27211 27211 27211 27211 27211
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
Al2O3 0,07 0,03 0,06 0,02 0,03 0,05 0,06 0,07 0,04 0,02 0,01 0,06 0,07 0,00 bdl 0,05 0,05 bdl 0,02 0,03 bdl 0,02
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 bdl bdl bdl bdl bdl bdl
Cr2O3 bdl bdl bdl 0,06 bdl 0,04 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,06 bdl bdl
Fe2O3 68,80 68,86 68,84 68,81 68,86 68,75 68,83 69,01 68,51 68,55 68,32 68,28 68,67 68,32 68,50 68,48 68,67 68,63 68,86 68,66 68,86 69,05
FeO 30,96 30,93 30,88 30,95 30,98 30,96 30,98 31,07 30,85 30,80 30,73 30,79 30,88 30,72 30,81 30,70 30,90 30,88 30,93 30,96 31,00 31,04
MgO 0,02 0,03 0,07 0,01 0,02 0,01 0,01 0,02 bdl 0,01 0,01 bdl 0,03 0,01 0,01 0,12 0,02 0,03 0,01 0,03 0,01 0,02
V2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 0,05 bdl bdl 0,10 0,05 bdl 0,10 bdl 0,13 0,08 0,06
MnO bdl 0,03 bdl 0,04 bdl bdl 0,02 bdl bdl 0,05 bdl bdl bdl bdl 0,04 0,01 0,00 0,00 0,04 0,00 0,00 0,03
Total 99,84 99,88 99,86 99,88 99,89 99,81 99,89 100,18 99,40 99,43 99,11 99,18 99,65 99,06 99,45 99,44 99,64 99,63 99,87 99,85 99,96 100,22
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Table 12.31 Electron microprobe analyses of pyrrhotite from massive ore.
Type monoclinic pyrrhotite
An. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
T-S No. 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 26027 27205 27205 27205
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
S 40,31 40,07 39,99 40,09 39,96 40,00 40,04 39,82 39,70 39,78 39,60 39,90 39,54 39,64 39,46 39,61 40,11 40,28 40,08
Au bdl 0,06 bdl 0,04 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,02 bdl bdl bdl 0,03 bdl
Fe 59,30 59,35 59,34 59,58 59,39 59,45 59,51 59,30 59,31 59,57 59,36 59,88 59,37 59,57 59,33 59,65 58,92 59,26 59,03
Ni 0,06 0,10 0,14 0,11 0,12 0,06 0,16 0,11 0,09 0,12 0,11 0,03 0,14 0,06 0,08 0,12 0,05 0,01 bdl
Cu bdl 0,03 0,01 bdl 0,20 0,02 bdl 0,01 0,03 bdl 0,02 0,03 0,03 0,01 0,04 0,01 0,01 0,00 0,01
Co 0,08 0,06 0,08 0,06 0,08 0,08 0,08 0,09 0,07 0,09 0,07 0,09 0,05 0,06 0,08 0,10 0,06 0,07 0,06
Total 99,75 99,68 99,56 99,90 99,75 99,68 99,85 99,35 99,19 99,56 99,20 99,97 99,13 99,41 99,01 99,48 99,20 99,65 99,19
Type monoclinic pyrrhotite
An. No. 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
T-S No. 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205 27205
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
S 40,28 39,59 40,01 39,72 39,85 39,68 39,90 39,96 39,67 39,08 39,49 39,41 39,41 39,44 39,35 39,26 39,22 39,13 39,31 39,15
Au 0,08 0,05 bdl bdl bdl bdl bdl bdl 0,01 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 59,37 58,58 59,38 59,14 59,34 59,29 59,63 59,79 59,37 58,71 59,49 59,43 59,43 59,48 59,58 59,50 59,59 59,52 59,92 59,94
Ni 0,03 0,15 0,06 0,05 0,08 0,01 0,07 0,03 0,07 0,11 bdl 0,07 0,04 0,11 0,02 0,04 0,03 0,07 0,06 0,08
Cu 0,01 0,21 bdl 0,02 0,01 bdl bdl 0,01 0,02 0,23 0,02 0,01 bdl bdl 0,08 bdl bdl bdl bdl bdl
Co 0,06 0,07 0,04 0,09 0,09 0,07 0,07 0,06 0,08 0,12 0,07 0,06 0,09 0,07 0,09 0,06 0,04 0,07 0,07 0,05
Total 99,87 98,65 99,49 99,02 99,46 99,05 99,76 99,96 99,22 98,32 99,07 98,98 98,96 99,11 99,12 98,87 98,89 98,85 99,37 99,21
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.31 Electron microprobe analyses of pyrrhotite from massive ore, continue.
Type hexagonal pyrrhotite
An. No. 40 41 42 43 44 45 46 47 48 49 50 51 52 53
T-S No. 27199 27199 27199 27199 27199 27199 27199 27199 26938 26938 26938 26938 26938 26938
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
S 38,92 38,80 38,80 38,55 38,48 38,61 38,35 38,34 38,41 38,39 38,25 39,11 38,68 38,24
Au 0,04 bdl 0,20 0,06 0,04 bdl 0,07 bdl 0,01 0,01 bdl bdl 0,03 0,01
Fe 61,02 60,87 61,04 61,01 60,96 61,19 61,13 61,15 60,94 60,74 60,75 60,92 60,69 60,87
Ni 0,27 0,24 0,25 0,26 0,24 0,20 0,19 0,22 0,27 0,19 0,12 0,16 0,14 0,15
Cu 0,01 0,01 bdl bdl bdl bdl bdl 0,02 0,16 bdl 0,07 0,02 0,01 0,02
Co 0,07 0,08 0,08 0,06 0,07 0,08 0,09 0,08 0,08 0,08 0,06 0,09 0,08 0,07
Total 100,33 100,06 100,37 100,04 99,80 100,08 99,83 99,85 99,86 99,46 99,26 100,30 99,65 99,38
Type troilite
An. No. 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
T-S No. 27199 27199 27199 27199 27199 27199 27199 27199 27199 27199 27199 27199 27199 27199 26938 26938 26938 26938
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
S 37,14 36,96 36,78 36,78 36,75 36,79 36,70 36,66 36,62 36,60 36,55 36,41 36,64 36,53 36,48 36,50 36,43 36,06
Au bdl bdl bdl bdl 0,09 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,15 bdl 0,02
Fe 63,41 63,40 63,24 63,26 63,26 63,39 63,25 63,22 63,31 63,31 63,23 63,07 63,47 63,35 63,31 63,36 63,27 63,04
Ni bdl bdl bdl 0,01 bdl 0,01 0,00 0,03 bdl 0,01 bdl 0,01 0,02 0,02 bdl 0,01 bdl bdl
Cu bdl bdl bdl bdl bdl 0,01 0,01 0,01 bdl bdl bdl 0,02 0,03 bdl bdl bdl 0,01 0,01
Co 0,08 0,10 0,08 0,06 0,07 0,05 0,08 0,08 0,08 0,09 0,07 0,07 0,11 0,08 0,10 0,11 0,05 0,09
Total 100,63 100,48 100,14 100,11 100,17 100,27 100,08 100,01 100,01 100,06 99,88 99,74 100,30 99,99 99,89 100,20 99,75 99,26
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.32 Electron microprobe analyses of chalcopyrite from massive ore.
Type chalcopyrite
An. No. 1 2 3 4 5 10 11 12 15 16 18
T-S No. 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939 26939
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
S 34,23 34,37 34,55 34,66 34,70 34,69 34,24 34,64 34,51 34,71 34,51
Zn 0,06 bdl bdl 0,04 bdl 0,03 0,08 0,04 bdl bdl bdl
Au bdl 0,05 bdl bdl bdl bdl bdl bdl bdl bdl 0,10
Fe 30,61 30,75 30,55 30,71 30,43 30,83 30,59 30,89 30,80 30,75 30,70
Ni bdl bdl bdl bdl bdl bdl bdl bdl 0,17 0,05 bdl
Cu 34,88 34,68 34,79 34,75 34,89 34,90 34,72 34,75 34,43 34,64 34,77
Co 0,07 0,02 0,04 0,03 0,03 0,04 0,06 0,09 0,13 0,05 0,02
Total 99,84 99,88 99,94 100,18 100,07 100,49 99,68 100,41 100,04 100,20 100,10
Table 12.33 Electron microprobe analyses of pentlandite and mackinawite from massive ore.
Type pentlandite mackinawite
An. No. 13 14 40 41 42
T-S No. 26939 26939 27205 27205 27205
Rock Ore Ore Ore Ore Ore
S 32,77 32,85 35,67 35,82 35,74
Zn bdl bdl 0,01 bdl bdl
Au 0,07 bdl bdl bdl bdl
Fe 31,29 30,96 56,37 56,24 56,29
Ni 31,10 31,75 6,01 6,06 6,00
Cu 0,33 0,10 0,21 0,35 0,20
Co 3,81 3,59 0,46 0,93 0,55
Total 99,38 99,25 98,73 99,38 98,78
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.34 Electron microprobe analyses of arsenopyrite (core-rim) from massive ore.
core rim core rim
An. No. 78 79 80 81 82 83 84 85 86 87 88 89 90 129 128 127
T-S No. 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27124 27124 27124
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 46,16 45,85 45,37 46,02 46,34 49,20 52,70 53,11 52,54 53,14 53,87 50,36 49,45 46,09 50,81 51,36
S 19,44 19,23 19,89 19,22 18,60 17,13 14,90 14,52 15,06 14,69 14,20 16,00 16,21 19,17 16,10 15,73
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,09 bdl bdl bdl bdl
Fe 29,76 29,41 29,04 28,60 28,12 27,63 26,01 24,54 24,39 24,14 23,92 23,83 23,83 30,73 24,70 23,15
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,15 0,14 0,21 0,27 0,23 0,33 0,71 0,82 0,74 0,82 0,88 0,72 0,75 0,08 0,62 0,86
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 4,15 4,45 4,82 5,34 5,97 5,85 6,55 7,31 7,74 8,08 8,10 8,72 8,70 3,60 8,09 9,31
Total 99,65 99,16 99,35 99,46 99,26 100,15 100,89 100,29 100,49 100,89 100,97 99,72 98,95 99,67 100,37 100,49
core rim
An. No. 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107
T-S No. 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 46,36 46,72 47,12 44,48 45,00 44,91 47,57 46,56 45,97 47,65 45,08 47,73 49,04 52,66 50,41 49,18 51,92
S 19,39 18,97 16,13 19,76 19,40 19,35 18,49 18,76 18,85 18,56 19,51 18,06 16,48 14,96 15,60 16,29 14,53
Ag bdl bdl bdl bdl bdl bdl bdl bdl 0,08 bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 31,35 31,25 31,23 30,67 30,25 30,22 29,78 29,72 29,63 29,49 29,36 29,17 25,38 24,76 24,49 24,23 24,06
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,22 0,14 0,37 0,25 0,26 0,19 0,23 0,29 0,40 0,36 0,26 0,23 0,77 1,11 0,84 0,87 1,01
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 2,79 2,63 4,37 3,38 3,85 3,86 4,10 4,24 4,00 4,41 4,78 4,46 7,18 7,25 7,61 8,12 7,38
Total 100,17 99,77 99,22 98,54 98,87 98,53 100,18 99,56 98,94 100,48 99,04 99,67 98,91 100,80 98,98 98,69 98,90
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.34 Electron microprobe analyses of arsenopyrite (core-rim) from massive ore, continue.
core rim core rim
An. No. 115 116 113 117 114 112 111 109 108 110 179 180 181 182 183
T-S No. 27123 27123 27123 27123 27123 27123 27123 27123 27123 27123 27211 27211 27211 27211 27211
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 47,58 47,46 48,79 47,02 48,74 49,36 51,82 53,09 54,17 51,93 46,58 46,37 46,34 51,91 52,40
S 18,62 18,55 17,55 18,59 17,49 17,33 15,53 14,88 13,77 15,15 19,76 19,96 19,85 14,75 15,90
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 29,03 28,74 28,44 27,75 27,38 27,13 25,67 23,26 22,87 22,42 27,68 27,48 26,16 24,46 24,33
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,50 0,34 0,85 0,37 0,90 1,20 0,90 1,36 1,64 1,74 0,20 0,22 0,31 0,44 0,34
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 4,04 4,46 4,44 5,71 5,02 5,10 6,31 7,99 7,90 8,63 6,05 6,39 7,61 7,87 8,27
Total 99,76 99,58 100,05 99,46 99,53 100,17 100,28 100,59 100,37 99,87 100,29 100,49 100,32 99,43 101,23
core rim core rim
An. No. 126 124 125 122 123 120 121 119 118 138 137 135 136 134 132 131 133
T-S No. 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124 27124
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 44,78 48,78 47,40 49,74 48,97 49,86 49,77 50,78 51,07 46,61 46,66 48,03 47,92 50,66 50,89 50,91 50,75
S 19,93 17,18 18,13 16,35 17,13 16,07 16,69 15,86 15,53 18,81 18,68 17,98 17,58 15,55 15,96 15,49 16,04
Ag bdl bdl bdl bdl bdl 0,08 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 30,23 28,01 27,89 27,08 26,71 26,22 25,45 24,16 23,45 30,02 28,05 27,78 27,65 24,43 22,73 22,67 22,22
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,19 0,43 0,17 0,33 0,64 0,55 1,26 0,93 0,98 0,13 0,20 0,30 0,29 0,77 0,98 0,93 1,35
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 4,14 5,23 6,13 5,98 6,34 6,50 6,52 8,18 8,71 4,20 6,09 5,97 5,98 7,94 9,54 9,70 9,41
Total 99,27 99,67 99,72 99,51 99,84 99,30 99,69 99,96 99,74 99,80 99,70 100,10 99,49 99,35 100,13 99,71 99,77
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.34 Electron microprobe analyses of arsenopyrite from massive ore, continue.
An. No. 72 73 74 75 38 39 40 41 42 43 44 45 46 47 48 49 50
T-S No. 26938 26938 26938 26938 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 53,67 51,28 51,16 49,01 51,21 51,24 51,27 51,37 51,54 51,60 51,68 51,73 51,76 51,78 51,78 51,79 51,87
S 14,58 16,34 16,16 17,62 15,17 15,43 15,35 15,62 15,75 15,93 15,74 15,03 14,82 15,82 15,49 15,32 15,17
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl 0,10 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 22,23 25,93 21,00 28,85 23,79 23,04 24,39 22,82 22,98 23,25 22,47 24,34 23,54 24,22 22,80 23,43 23,10
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 1,33 1,55 1,66 0,38 0,58 0,59 0,54 0,79 0,80 0,63 0,96 0,59 0,65 0,51 0,73 0,65 0,74
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 9,25 5,30 10,78 4,04 9,13 9,47 8,22 9,10 9,17 9,12 9,39 8,09 9,01 8,14 9,35 8,81 8,90
Total 101,08 100,42 100,81 99,90 99,94 99,88 99,79 99,69 100,29 100,53 100,30 99,82 99,85 100,49 100,17 100,03 99,79
An. No. 51 52 53 54 16 17 18 19 20 21 22 23 24 25 26 27 28
T-S No. 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 51,91 51,91 52,16 52,24 43,32 43,37 43,85 43,96 44,06 44,84 46,67 48,41 49,18 49,25 50,22 50,31 50,40
S 14,88 15,18 15,18 15,24 20,67 20,60 20,51 20,34 20,31 19,50 19,35 17,93 17,74 17,73 16,02 16,05 15,74
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 22,72 22,65 23,78 24,62 33,70 33,95 32,16 31,79 31,52 30,67 28,92 28,40 28,79 28,58 26,08 25,81 26,35
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,79 0,77 0,72 0,65 0,01 0,01 0,03 0,06 0,05 0,10 0,28 0,32 0,17 0,16 0,57 0,42 0,48
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,75 bdl bdl bdl bdl bdl
Co 9,26 8,98 7,79 7,46 0,91 0,66 2,46 2,81 3,08 3,78 4,46 4,39 4,37 4,30 6,77 7,50 6,46
Total 99,57 99,50 99,63 100,21 98,61 98,59 99,04 98,99 99,02 98,93 99,74 100,20 100,28 100,03 99,69 100,09 99,43
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.34 Electron microprobe analyses of arsenopyrite from massive ore, continue.
An. No. 29 30 31 32 33 34 35 36 37 146 149 150 151 152 153 154 155
T-S No. 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 50,53 50,57 50,71 50,82 50,88 50,91 50,99 51,14 51,20 45,47 52,09 52,57 51,09 51,08 50,63 50,25 47,38
S 15,72 15,77 16,32 15,53 15,87 15,61 15,35 15,62 15,34 20,02 15,29 15,25 15,50 15,28 15,46 15,99 18,29
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 25,12 22,76 23,28 23,33 22,43 23,90 24,99 22,57 24,20 30,40 23,01 23,22 23,47 23,85 23,40 23,82 29,20
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,45 0,61 2,04 0,79 1,81 0,53 0,52 0,88 0,58 0,40 0,70 0,76 0,54 0,56 0,51 0,48 0,24
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 7,27 10,01 7,58 8,79 8,53 8,73 7,08 9,32 8,41 2,88 8,99 8,86 9,34 8,85 9,21 9,05 4,73
Total 99,09 99,73 99,94 99,28 99,54 99,73 98,93 99,53 99,73 99,22 100,08 100,66 99,95 99,62 99,24 99,62 99,90
An. No. 156 139 140 141 142 143 144 145 173 174 175 176 177 55 56 57 58
T-S No. 27137 27137 27137 27137 27137 27137 27137 27137 27141 27141 27141 27141 27141 27141 27141 27141 27141
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 45,01 44,77 51,98 52,07 44,69 51,57 51,63 51,83 52,34 52,24 51,69 47,24 47,04 52,26 51,30 47,26 46,69
S 19,24 20,56 15,18 15,08 20,40 15,84 16,01 15,87 14,93 15,82 15,34 18,74 18,77 15,06 15,81 18,37 19,05
Ag bdl bdl bdl bdl bdl 0,07 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl 0,10 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 30,39 32,00 25,12 25,10 30,67 26,33 25,27 26,48 25,20 25,78 25,67 28,90 28,69 24,68 25,03 28,21 28,48
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,27 0,02 0,65 0,62 0,11 0,55 0,56 0,54 0,45 0,42 0,40 0,25 0,37 0,51 0,43 0,40 0,41
Cu bdl bdl bdl bdl bdl bdl bdl bdl 0,10 0,43 bdl bdl bdl bdl bdl 0,14 bdl
Co 3,86 1,70 6,68 6,82 3,18 5,87 7,27 5,84 7,03 6,59 6,69 4,75 4,43 7,55 7,46 5,06 4,80
Total 98,81 99,06 99,62 99,68 99,18 100,23 100,79 100,60 100,10 101,29 99,80 99,87 99,29 100,10 100,06 99,45 99,45
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.34 Electron microprobe analyses of arsenopyrite from massive ore, continue.
An. No. 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 61 62
T-S No. 27141 27141 27141 27141 27141 27141 27141 27141 27141 27141 27141 27141 27141 27141 27141 27143 27143
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 53,33 53,13 53,03 52,75 52,07 52,02 51,93 51,86 52,67 52,37 50,92 49,51 49,21 48,13 47,52 50,29 49,46
S 14,01 14,27 14,65 14,46 14,68 14,67 15,35 15,11 15,05 15,15 15,96 16,93 16,88 18,00 18,26 17,25 17,28
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,08 bdl
Fe 22,24 24,59 24,70 23,91 24,66 24,75 24,76 23,69 24,60 22,92 25,39 25,43 25,73 27,22 27,84 26,23 27,33
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,78 0,62 0,54 0,63 0,50 0,51 0,50 0,65 0,49 0,71 0,55 0,36 0,31 0,40 0,36 0,37 0,27
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,19 0,14 bdl bdl
Co 9,37 7,42 7,47 7,93 7,34 7,28 7,44 8,41 7,56 9,16 7,01 7,49 7,13 5,90 5,15 6,88 5,48
Total 99,77 100,07 100,46 99,68 99,31 99,22 99,99 99,79 100,37 100,31 99,83 99,78 99,25 99,86 99,30 101,12 99,82
An. No. 63 64 65 66 59 60 67 68
T-S No. 27143 27143 27143 27143 27143 27143 27199 27199
Rock Ore Ore Ore Ore Ore Ore Ore Ore
As 49,44 49,01 45,34 45,16 52,94 52,35 51,59 51,05
S 17,36 17,53 19,85 19,79 14,74 15,16 15,26 15,60
Ag bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl
Fe 28,01 27,68 30,62 30,45 24,17 24,11 19,86 19,97
Bi bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0,24 0,26 0,07 0,09 0,77 0,74 0,58 0,58
Cu bdl 0,22 bdl 0,17 0,16 0,47 bdl bdl
Co 4,79 5,22 3,10 3,36 7,59 7,89 11,64 11,55
Total 99,87 99,95 98,98 99,06 100,39 100,72 98,98 98,75
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.35 Electron microprobe analyses of cobaltite from massive ore.
An. No. 76 77 130 1 2 3 4 5 6 7 8 9 10 11
T-S No. 26938 26938 27124 27132 27132 27132 27132 27132 27132 27132 27132 27132 27132 27132
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 47,93 46,83 44,43 44,63 44,60 44,57 44,57 44,57 44,54 44,52 44,49 44,48 44,40 44,37
S 18,07 18,72 19,88 19,57 19,78 19,45 19,55 19,64 19,38 19,11 19,38 19,46 19,69 19,56
Ag bdl bdl bdl bdl 0,08 bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 6,79 6,11 5,51 3,77 2,56 4,03 3,85 3,89 3,66 4,11 3,90 3,95 3,80 3,65
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 9,40 7,39 4,18 2,86 2,39 3,62 3,46 3,52 3,07 3,63 3,44 3,53 3,23 3,02
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 18,78 21,62 24,81 28,99 30,75 27,17 27,94 27,86 28,48 27,17 27,72 27,51 28,11 28,90
Total 100,97 100,67 98,81 99,82 100,16 98,84 99,37 99,50 99,23 98,54 98,93 98,93 99,24 99,50
An. No. 12 13 14 148 172 69 70 71 183 184 185 186 187 188 189
T-S No. 27132 27132 27132 27137 27141 27211 27211 27211 27211 27211 27211 27211 27211 27211 27211
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 44,30 44,17 43,81 45,99 45,96 45,41 45,16 44,34 45,44 46,61 46,52 45,63 45,60 45,22 45,08
S 19,44 19,33 19,59 19,31 18,91 19,75 19,88 20,03 19,97 19,24 19,41 19,79 20,07 20,17 20,01
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 3,93 3,07 3,67 5,83 5,42 6,11 7,25 6,39 6,46 2,95 2,83 4,99 4,58 5,89 6,26
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 3,50 2,47 3,15 6,80 6,18 5,46 4,70 4,13 4,89 2,33 2,32 3,24 2,58 4,08 4,03
Cu bdl bdl bdl 0,31 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 27,58 30,62 28,61 23,20 24,41 22,07 21,98 23,68 22,66 30,20 30,12 26,90 28,24 24,58 24,07
Total 98,75 99,66 98,86 101,43 100,88 98,84 99,01 98,56 99,44 101,34 101,21 100,55 101,07 99,93 99,48
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.36 Electron microprobe analyses of clinosafflorite from massive ore.
An. No. 1 2 3 4 5 6 7 8 9 10 11 12 13
T-S No. 27123 27124 27124 27124 27124 27124 27137 27137 27137 27137 27137 27137 27137
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 71,74 73,03 72,40 72,37 72,13 72,35 72,26 72,11 72,09 72,02 72,02 71,96 71,95
S 0,83 0,31 0,68 0,77 0,92 0,50 0,70 0,78 0,74 0,73 0,64 0,75 0,84
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 14,10 13,11 14,53 14,54 14,04 14,17 14,42 14,30 14,03 14,05 14,06 14,32 13,93
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 3,49 3,66 3,46 3,47 3,48 3,17 3,20 3,25 3,42 3,47 3,44 3,42 3,56
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 9,57 10,15 9,19 8,98 9,43 9,71 9,53 9,64 9,82 9,60 9,76 9,38 9,62
Total 99,73 100,30 100,30 100,18 100,03 99,90 100,11 100,08 100,10 99,92 100,01 99,83 99,90
An. No. 14 15 16 17 18 19 20 21 22 23 24 25 26
T-S No. 27137 27137 27137 27137 27137 27137 27137 27137 27137 27137 27199 27199 27199
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
As 71,88 72,66 72,18 72,14 71,88 71,85 71,82 71,73 71,67 71,39 72,36 72,19 71,74
S 0,74 0,46 0,72 0,77 0,69 0,99 0,93 0,85 0,91 0,88 0,69 0,81 0,89
Ag bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,51 bdl bdl 0,75
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe 13,94 13,94 14,05 14,57 14,81 15,02 14,05 14,40 14,34 14,09 12,26 12,67 12,86
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ni 3,60 3,59 3,52 3,31 3,35 3,21 3,39 3,38 3,35 3,33 3,70 3,53 3,32
Cu bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co 9,50 9,46 9,51 9,23 9,07 8,96 9,86 9,30 9,38 9,10 11,30 11,01 10,70
Total 99,66 100,13 99,99 100,02 99,80 100,07 100,05 99,72 99,69 99,37 100,31 100,21 100,30
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.37 Electron microprobe analyses of bismuth and bismuth-tellurides from massive ore.
Type bismuth
An. No. 19 37 38 1 24 28 29 30
T-S No. 27124 27208 27208 27275 27134 27137 27137 27137
Rock Ore Ore Ore Ore Ore Ore Ore Ore
Se bdl bdl bdl 0,02 bdl bdl bdl bdl
Ag bdl bdl 0,04 0,06 bdl bdl bdl bdl
S bdl bdl bdl bdl bdl bdl bdl bdl
Au bdl bdl bdl 0,22 bdl 0,12 bdl bdl
Sb bdl bdl bdl bdl bdl bdl bdl bdl
Te bdl bdl bdl bdl 0,06 bdl bdl bdl
Bi 97,81 98,22 100,14 98,68 99,46 99,52 99,87 101,29
Total 97,91 98,38 100,23 98,97 99,52 99,68 99,87 101,29
Type pilsenite
An. No. 8 9 10 11 20 21 22 23 34 25 7 8 22 23 24
T-S No. 27124 27124 27124 27124 27134 27134 27134 27134 27208 27275 27275 27275 27275 27275 27275
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
Se bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,03 0,05 0,09 0,05 0,09 0,08
Ag bdl bdl 0,07 0,08 bdl bdl bdl bdl 0,10 0,00 0,03 bdl 0,02 0,04 bdl
S bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Au 0,09 bdl bdl bdl 0,12 bdl 0,32 bdl bdl 0,02 0,27 0,15 bdl bdl bdl
Sb bdl bdl 0,11 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Te 30,10 30,19 31,56 30,47 30,69 29,97 28,99 29,84 27,92 32,47 32,61 32,66 32,37 32,60 32,47
Bi 67,64 68,51 68,73 69,61 67,84 67,99 68,34 69,34 72,02 67,85 67,56 68,71 68,43 68,05 67,47
Total 97,83 98,74 100,50 100,33 98,65 97,96 97,67 99,18 100,13 100,38 100,52 101,61 100,87 100,78 100,02
Type hedleyite
An. No. 12 13 14 15 16 17 18 26 27 35 36 12 13
T-S No. 27124 27124 27124 27124 27124 27124 27124 27137 27137 27208 27208 27275 27275
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
Se bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,15 bdl 0,03 bdl
Ag bdl 0,09 bdl bdl bdl bdl bdl 0,08 0,07 bdl 0,09 bdl 0,04
S bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,06 bdl
Au 0,14 0,09 bdl bdl bdl 0,14 bdl 0,03 0,53 0,30 0,25 bdl bdl
Sb bdl bdl bdl 0,12 bdl bdl 0,08 bdl bdl 0,09 bdl bdl bdl
Te 17,79 17,58 17,26 18,32 17,63 17,36 17,07 17,37 17,58 18,15 14,01 19,15 18,07
Bi 79,54 79,60 80,03 80,16 80,80 80,82 84,43 80,64 81,38 81,43 85,16 80,03 80,18
Total 97,58 97,36 97,29 98,71 98,47 98,32 101,67 98,13 99,56 100,11 99,63 99,26 98,32
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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Table 12.38 Electron microprobe analyses of electrum, maldonite, and gold-bearing tellurides from massive ore.
Type electrum maldonite stuetzite petzite
An. No. 19 1 3 4 5 6 7 25 32 33 11 31 2
T-S No. 27275 27124 27124 27124 27124 27124 27124 27137 27208 27208 27275 27208 27124
Rock Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore Ore
Se 0,038 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,04 bdl bdl
Ag 32,79 32,73 0,164 bdl bdl 0,106 0,1 0,072 0,137 0,142 0,105 62,17 48,13
S bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0,098 bdl bdl
Au 65,89 65,08 65,544 65,17 65,25 61,856 64,91 65,918 64,15 64,73 63,21 bdl 15,02
Sb bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Te 0,11 0,08 bdl bdl bdl 0,64 bdl bdl bdl bdl 0,03 38,53 33,66
Bi 0,43 0,43 32,31 32,42 35,21 35,23 35,51 32,82 35,44 35,65 37,13 0,07 4,15
Total 99,26 98,32 98,02 97,65 100,47 97,83 100,53 98,81 99,77 100,52 100,61 100,93 101,00
Table 12.39 Electron microprobe analyses of nickeline from massive ore.
An. No. 15
T-S No. 27137
Rock Ore
As 42,97
S 6,67
Ag bdl
Au bdl
Fe 9,49
Bi bdl
Ni 38,41
Cu 0,10
Co 2,15
Total 99,79
Note: bdl= below detection limit; An. No.= analysis number; T-S No= thin section number
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12.5 Geochemistry
A total of 62 representative samples were analyzed utilizing X-Ray Fluorescence (XRF) for
major elements and trace elements. Eight representative samples were also analyzed by
Infra-Red Optical Emissions Spectrometry (IROES) for carbon and sulphur analyses. These
analyses were undertaken at the RWTH Aachen University. 22 samples of the 60 samples
were selected to be sent to Activation Laboratories Ltd (ActLabs, Canada) for both trace and
rare earth analyses by Inductively-Coupled-Plasma Mass-Spectroscopy (ICP-MS),
Instrumental Neutron-Activation-Analysis (INAA) and Optical-Emission-Spectrometer (ICP-
OES).
12.5.1 X-Ray Fluorescence (XRF)
The selected rock samples were manually crushed to grain sizes < 5mm in a jaw crusher.
The rock chips were ground in an agate mill and dried at 110oC for 24 hours. The Loss of
Ignition (LOI) was determined on ca. 2 grams of rock powder in an alumina crucible at
1000oC for 2 hours in a muffle furnace; the LOI is calculated as a function of the samples
weight loss. For the major element analysis purpose, 0.5 gram of the sample powder was
mixed with 5 grams Li-tetraborate (Merck SpectromeltTM A12), homogenized in a platinum
crucible at 1150oC forming a fused glass disc. For the trace element analyses, 8 grams dried
sample powder were mixed with ElvasitTM forming a pressed powder disc. The
concentrations of major and trace elements were analyzed using a Philips PW-1400
wavelenght dispersive X-Ray Fluorescence (XRF) with a side-window Rh source tube. The
machine is operated at 40 kV and 75 mA for determining the concentration of the major
elements, and at 40-60 kV and 50-75 mA for the trace elements. The X-rays excite the disc
producing secondary X-rays, which have certain wavelengths, characterizing the elements
present in the samples, and their intensities are proportional to the element concentrations.
The detection limits vary between the individual elements, presented in Table 12.40.
12.5.2 Carbon and sulfur analyses
Carbon concentrations were analyzed using a LECO RC-412 multi-phase water-carbon
analyser. About 0.02 gram of the sample powder was heated in an internal furnace, which
can be stepped and ramped (100-1000oC) so that the various sources of carbon can be
released at the most productive temperatures. As radiant energy is projected through the
sample material, an infra-red absorption spectrum is produced. A detector then registers
the infra-red energy specific to carbon, with the remaining infra-red energy being locked by
a filter. The lower detection limit is 0.1 wt.% and upper detection limit is 12 wt.%.
The sulfur contents were determined by a S-200 sulfur analyser. Approximately 0.12 gram
of the sample powder is required for each of the analyses. A high frequency induction
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furnace combusts the sample, oxidizing the sulfur forming SO2. An infra-red source is
emitted and absorbed by SO2 at a precise wavelength, registered by an infra-red detector, a
filter prevents all other infra-red energy reaching the detector. The lower and upper
detection limits are 0.2 and 20 wt.%, respectively.
12.5.3 Inductively-Coupled-Plasma Mass Spectrometer (ICP-MS)
The trace and rare earth element concentrations were analyzed using Inductively-Coupled-
Plasma Optical Emission Spectrometer and Mass Spectrometer (ICP-OES and MS). A
minimum crushed sample weight of 5 grams is required for this analytical method. The
sample is dissolved into solution by acid digestion and passed into an argon flame with
temperature between 6.000 and 10.000 K. The gas and other components are atomized and
ionized, forming plasma as well as atomic and ionic spectral lines. The ICP-OES detects the
spectral lines using a range of photomultipliers, they are then compared with calibration
lines and their intensities ate converted into concentrations. The ICP-MS method measures
the positive ions in the plasma, which are focused down a quadrupole mass spectrometer.
The detection limits vary depending on the method used and the elements analyzed,
presented in Table 12.40.
12.5.4 Instrumental Neutron Activation Analysis (INAA)
The concentrations of several trace elements were detected using Instrumental Neutron
Activation Analysis (INAA). This additional analytical method is aimed to provide a better
lower detection limits, relative to the ICP-MS. For this analysis, 0.5-30 grams of the sample
powder were required, depending on the sample size preferred to analyzed for Au with this
option. The samples are placed in a neutron reactor together with a neutron flux as well
standards, and are activated by irradiation with neutrons. The neutron flux gives rise to
new, short-lived radioactive isotopes of the elements present, which emit gamma radiation.
Particular isotopes can be identified from gamma rays emitted; the amounts of the isotopes
present are proportional to the intensities of the rays. The detection limits vary between the
individual elements, presented in Table 12.40.
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Table 12.40 Table of detection limits of XRF, LECO, ICP-OES, ICP-MS, and INAA.
Methods
XRF LECO INAA ICP-OES ICP-MS
Oxides/Elements LL UL LL UL
wt.%
SiO2 0,1 80
TiO2 0,1 4
Al2O3 0,1 90
Fe2O3 0,2 55
MnO 0,1 4
MgO 0,1 62
CaO 0,1 80
Na2O 0,1 15
K2O 0,1 16
P2O3 0,1 33
SO3 0,1 2
S 0,2 20 100
C 0,1 12
ppm
La 20 200 0,5 0,05
Ce 20 200 3
Pr 0,01
Nd 5 0,05
Sm 0,1 0,01
Eu 0,2 0,005
Gd 0,01
Tb 0,5 0,01
Dy 0,01
Ho 0,01
Er 0,01
Tm 0,005
Yb 0,2 0,01
Lu 0,05 0,002
V 20 500 2 5
Ga 1
Ge 0,1 0,5
Rb 20 4000 15 15
Sr 1
Y 1 0,5
Zr 20 900 1
Nb 0,2
Mo 1 2
In 0,2 0,1
Sn 1 1
Cs 1 0,1
Ba 20 4000 50 3
Hf 1 0,1
Ta 0,05 0,01
W 1 0,5
Tl 0,05
Th 0,2 0,05
U 0,5 0,01
Au* 2 (ppb) 2 (ppb)
As 20 4000 0,5 0,5
Br 0,5 0,5
Co 10 200 1 1
Cr 20 400 2 5
Sb 0,1 0,2
Sc 0,1 0,1
Ag 0,3 0,5
Cd 0,3 0,5
Cu 10 1500 1 1
Ni 20 2400 1 1
Pb 20 750 3 5
Zn 20 500 1
Bi 10 1000 0,1 0,1
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Table 12.41 Geochemical data of major oxides (XRF), trace and rare earth elements (XRF;
ICP-MS; INAA) of the quartz-sericite and biotite-garnet-quartz schist of the Saint Barbe
Volcanic unit.
Sample GM14 GM15 GM16 GM17 GM18 GM20 GM21 GM24
Rock Qtz-Ser Qtz-Ser Qtz-Ser Qtz-Ser Qtz-Ser Qtz-Ser Bt-Grt Bt-Grt
wt.%
SiO2 70,99 69,25 70,75 72,15 74,61 69,49 53,93 58,28
TiO2 0,74 0,82 0,77 0,79 0,77 0,76 2,25 1,12
Al2O3 11,08 12,33 11,63 11,74 11,98 11,46 13,25 11,29
Fe2O3 8,28 8,68 8,03 6,79 4,43 9,09 15,63 15,73
MnO 0,06 0,05 0,12 0,08 0,06 0,07 0,24 0,29
MgO 2,91 1,46 1,60 1,14 0,72 1,57 4,00 3,44
CaO 0,40 0,58 1,04 1,34 0,93 0,78 1,79 0,86
Na2O 0,07 bdl 0,05 0,53 0,68 0,16 1,27 0,69
K2O 2,51 3,96 3,55 2,64 2,90 3,43 1,96 3,54
P2O3 0,14 0,15 0,14 0,14 0,14 0,14 0,32 0,14
LOI 2,85 2,67 2,53 2,32 2,30 2,88 4,21 3,47
Total 100,01 99,96 100,20 99,65 99,52 99,83 98,84 98,85
S bdl bdl bdl bdl bdl bdl bdl bdl
ppm
La - 24,29 - 32,49 - - - -
Ce - 56,51 - 40,37 - - - -
Pr - 6,08 - 7,17 - - - -
Nd - 25,37 - 30,06 - - - -
Sm - 5,09 - 6,57 - - - -
Eu - 1,40 - 1,46 - - - -
Gd - 4,33 - 6,88 - - - -
Tb - 0,76 - 1,18 - - - -
Dy - 4,71 - 7,40 - - - -
Ho - 1,02 - 1,56 - - - -
Er - 3,37 - 4,74 - - - -
Tm - 0,56 - 0,71 - - - -
Yb - 3,71 - 4,32 - - - -
Lu - 0,60 - 0,63 - - - -
V 60 57,60 63 41,45 55 59 449 416
Ga - 18,89 - 18,39 - - - -
Ge - 2,69 - 1,77 - - - -
Rb 68 146,32 126 77,04 57 100 85 153
Sr - 14,18 - 59,91 - - 98 42
Y 25 26,71 27 42,84 37 27 24 22
Zr 197 285,99 210 272,08 209 205 202 135
Nb - 17,27 - 16,88 - - - -
Mo - bdl - bdl - - - -
In - bdl - bdl - - - -
Sn - 7,84 - 6,53 - - - -
Cs - 2,48 - 0,90 - - - -
Ba 230 306,84 332 241,89 285 407 576 557
Hf - 7,26 - 7,29 - - - -
Ta - 1,53 - 1,52 - - - -
W - 5,49 - 3,86 - - - -
Tl - 0,27 - 0,17 - - - -
Th - 15,84 - 16,31 - - - -
U - 3,18 - 4,11 - - - -
Au* - 6,00 - 13,00 - -
As - 24,30 - 29,20 - - - -
Br - bdl - bdl - - - -
Co bdl 6,00 bdl 10,50 bdl bdl 50 108
Cr bdl bdl bdl bdl bdl bdl 26 bdl
Sb - 0,65 - 1,05 - - - -
Sc bdl 15,45 bdl 16,70 bdl bdl bdl bdl
Ag - 0,51 - 0,40 - - - -
Cd - 0,39 - bdl - - - -
Cu bdl bdl bdl 4,32 bdl bdl 106 157
Ni bdl 7,68 bdl 1,95 bdl bdl 44 23
Pb - 6,13 - 7,27 - - - -
Zn - 5,37 - 6,02 - - - -
Bi - bdl - bdl - - - -
Notes: *ppb; bld= below detection limit
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Table 12.42 Geochemical data of major oxides (XRF), trace and rare earth elements (XRF;
ICP-MS; INAA) of the amphibolite, biotite-actinolite- and chlorite-quartz schist of the
Akjoujt Metabasalt unit.
Sample GM1 GM25 GM5 GM13 GM9 GM12 8801 8802 GM4 GM32 DDGM1 8832
Rock Amph Amph Amph Amph Amph Amph Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act Bt-Act
wt.%
SiO2 63,45 56,33 55,89 54,02 58,98 55,05 57,78 57,95 56,22 53,85 54,85 58,71
TiO2 1,38 1,24 1,29 1,22 1,21 1,18 1,30 1,26 1,25 1,94 1,20 1,35
Al2O3 15,28 13,32 13,01 12,12 12,00 13,39 12,59 12,86 13,67 15,30 12,72 12,78
Fe2O3 6,91 15,12 15,42 18,79 11,83 15,24 16,94 17,20 16,23 14,55 15,56 15,58
MnO 0,12 0,13 0,15 0,18 0,13 0,12 0,14 0,17 0,08 0,09 0,08 0,16
MgO 2,09 2,96 3,33 2,92 5,17 3,54 3,07 2,58 3,02 4,18 3,32 3,09
CaO 1,72 5,18 4,94 7,09 4,85 5,60 5,58 2,63 1,16 3,04 4,01 3,10
Na2O 7,34 4,01 3,86 1,51 4,98 3,51 2,53 3,45 5,10 5,43 3,38 3,24
K2O 0,23 0,26 0,19 0,32 0,20 0,53 1,00 0,28 1,15 1,33 1,65 1,72
P2O3 0,16 0,15 0,18 0,14 0,10 0,15 0,12 0,09 0,14 0,17 0,16 0,11
LOI 0,22 0,74 0,34 0,56 0,66 0,55 0,77 1,53 1,84 0,26 1,63 0,65
Total 98,90 99,44 98,88 99,19 100,11 98,88 101,84 99,99 99,84 100,13 98,57 100,48
S bdl bdl bdl bdl bdl - 0,21 bdl bdl bdl 0.09§ bdl
ppm
La 20,98 27,79 14,69 37,98 13,34 - 28,23 16,29 - - - 29,59
Ce 41,29 51,80 33,87 106,49 30,80 - 51,96 32,40 - - - 55,17
Pr 4,48 6,06 3,39 9,47 3,63 - 5,85 3,91 - - - 6,34
Nd 19,35 26,06 14,60 38,26 15,79 - 25,34 17,84 - - - 26,99
Sm 4,32 5,59 3,65 7,54 3,85 - 5,61 4,88 - - - 5,84
Eu 1,25 1,54 1,11 2,00 1,23 - 1,91 1,12 - - - 1,70
Gd 4,52 5,41 3,82 5,26 4,35 - 5,80 5,37 - - - 5,64
Tb 0,81 0,89 0,71 0,88 0,79 - 1,00 0,88 - - - 0,94
Dy 5,25 5,18 4,23 5,18 5,04 - 5,76 4,57 - - - 5,23
Ho 1,15 1,06 0,91 1,13 1,09 - 1,17 0,86 - - - 1,04
Er 3,54 3,21 2,81 3,60 3,21 - 3,43 2,50 - - - 3,18
Tm 0,53 0,46 0,41 0,54 0,46 - 0,47 0,36 - - - 0,46
Yb 3,29 2,81 2,67 3,43 2,86 - 2,88 2,09 - - - 2,85
Lu 0,49 0,42 0,42 0,52 0,42 - 0,43 0,33 - - - 0,42
V 362,87 347,86 422,40 349,52 372,58 448 493,86 476,05 431 483 422 453,14
Ga 15,31 18,45 22,29 20,50 14,52 - 22,26 20,63 - - - 21,19
Ge 1,49 1,80 2,04 2,29 1,64 - 2,12 2,73 - - - 2,04
Rb 7,97 2,83 4,19 3,54 5,08 - 64,62 10,79 92 89 92 84,43
Sr 30,56 24,35 33,67 15,78 38,53 71 31,42 50,82 56 48 51 19,20
Y 32,51 28,30 25,87 31,75 29,56 30 32,64 23,33 23 34 30 28,83
Zr 178,27 149,85 161,65 145,37 141,59 126 149,72 148,16 118 193 142 155,50
Nb 9,94 8,85 9,59 8,48 8,34 - 9,13 9,26 - - - 9,75
Mo bdl bdl bdl bdl bdl - bdl bdl - - - bdl
In bdl bdl bdl bdl bdl - bdl 0,16 - - - bdl
Sn 10,67 5,37 5,57 5,02 4,27 - 6,60 6,71 - - - 5,29
Cs 0,47 0,19 0,25 0,19 0,37 - 3,75 0,94 - - - 6,92
Ba 30,93 40,80 28,34 43,64 20,24 - 152,31 31,08 218 297 - 145,77
Hf 4,54 4,06 4,14 3,89 3,74 - 3,81 3,81 - - - 4,12
Ta 0,88 0,75 0,76 0,72 0,70 - 0,73 0,73 - - - 0,80
W 28,74 bdl 0,91 1,03 0,76 - 0,83 2,81 - - - 0,98
Tl 0,07 bdl bdl 0,06 bdl - 0,31 0,09 - - - 0,36
Th 8,64 8,39 7,73 7,97 7,25 - 7,00 7,09 - - - 7,91
U 2,24 1,66 2,12 1,83 1,54 - 2,74 2,42 - - - 2,76
Au* bdl bdl bdl 3,50 4,50 bdl bdl 21,00 - - - 4,50
As 6,70 24,60 6,10 12,50 9,90 - 3,75 3,90 bdl bdl bdl 3,20
Br bdl bdl bdl bdl bdl - bdl bdl - - - bdl
Co 10,00 40,00 29,50 35,50 29,00 47 44,00 25,00 62 55 41 22,00
Cr bdl 11,00 bdl bdl 6,00 bdl bdl 13,00 bdl bdl bdl bdl
Sb 0,25 0,40 0,25 0,55 0,45 - 0,20 0,60 - - - bdl
Sc 30,35 29,65 34,80 34,05 34,40 - 39,20 36,00 - - - 35,10
Ag 0,35 0,36 0,43 bdl 0,43 - 0,40 0,49 - - - 0,59
Cd bdl bdl bdl bdl 0,51 - bdl bdl - - - 1,49
Cu 99,49 bdl 1073,65 bdl 35,09 bdl 157,31 542,01 bdl bdl 46 3,85
Ni 5,82 8,84 7,22 6,41 20,81 bdl 5,99 6,57 31 bdl bdl 5,72
Pb bdl bdl bdl bdl bdl - 5,00 bdl - - - 8,03
Zn 7,79 16,34 16,80 18,04 26,79 30 19,29 18,44 - - - 12,50
Bi bdl bdl bdl bdl bdl - bdl bdl - - - bdl
Notes: §LECO analysis, *ppb; bld= below detection limit
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Table 12.42 Geochemical data of major oxides (XRF), trace and rare earth elements (XRF;
ICP-MS; INAA) of the amphibolite, biotite-actinolite- and chlorite-quartz schist of the
Akjoujt Metabasalt unit, continue.
Sample GM3 GM28 GM29 GM33 GM34 GM36 GM37 GM38 GM39 GM22 GM27 8803
Rock Chlor Chlor Chlor Chlor Chlor Chlor Chlor Chlor Chlor Chlor Chlor Chlor
wt.%
SiO2 54,98 54,82 56,03 55,12 55,67 55,58 54,52 50,22 54,18 65,62 40,77 48,19
TiO2 1,39 1,42 1,00 1,33 1,44 1,20 1,50 1,16 1,38 0,26 1,22 1,29
Al2O3 12,67 11,88 11,99 11,81 12,40 12,39 12,87 14,16 12,75 10,53 15,58 14,50
Fe2O3 16,27 16,13 17,65 17,45 12,16 10,17 10,55 14,58 16,02 15,29 21,28 16,29
MnO 0,08 0,06 0,10 0,08 0,04 0,05 0,04 0,07 0,08 0,08 0,11 0,08
MgO 9,01 9,25 7,27 9,09 12,24 14,43 13,90 11,90 9,55 2,80 12,47 14,07
CaO 0,41 0,25 0,24 0,23 0,23 0,19 0,23 bdl 0,30 bdl 0,22 0,54
Na2O 0,31 bdl 0,55 0,07 0,11 0,01 0,19 bdl 0,54 0,53 0,58 0,09
K2O 0,05 0,06 0,05 0,04 0,02 bdl bdl 0,03 0,06 0,04 0,02 0,02
P2O3 0,12 0,11 0,10 0,10 0,12 0,10 0,16 0,09 0,13 0,15 0,13 0,09
LOI 5,03 5,69 4,74 4,90 5,63 6,20 6,18 5,88 5,17 3,13 7,06 6,14
Total 100,32 99,67 99,70 100,22 100,05 100,32 100,14 98,09 100,15 98,43 99,44 101,50
S bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
ppm
La - - - - - - - 2,00 - 1,71 - -
Ce - - - - - - - 2,47 - 6,93 - -
Pr - - - - - - - 0,43 - 0,44 - -
Nd - - - - - - - 2,03 - 1,94 - -
Sm - - - - - - - 0,67 - 0,55 - -
Eu - - - - - - - 0,31 - 0,16 - -
Gd - - - - - - - 1,31 - 0,81 - -
Tb - - - - - - - 0,30 - 0,20 - -
Dy - - - - - - - 2,22 - 1,43 - -
Ho - - - - - - - 0,54 - 0,32 - -
Er - - - - - - - 1,84 - 1,01 - -
Tm - - - - - - - 0,31 - 0,16 - -
Yb - - - - - - - 2,15 - 0,99 - -
Lu - - - - - - - 0,35 - 0,15 - -
V 488 550 594 532 471 372 449 382,34 488 57,15 497 444
Ga - - - - - - - 21,10 - 15,48 - -
Ge - - - - - - - 1,86 - 3,19 - -
Rb bdl bdl bdl bdl bdl bdl bdl 1,53 bdl bdl bdl bdl
Sr bdl bdl bdl bdl bdl bdl bdl bdl bdl 7,59 bdl bdl
Y bdl 37 bdl 21 25 bdl bdl 16,22 bdl 9,44 21 26
Zr 131 133 99 121 131 96 139 141,97 128 91,77 73 106
Nb - - - - - - - 8,21 - 6,53 - -
Mo - - - - - - - bdl - bdl - -
In - - - - - - - bdl - bdl - -
Sn - - - - - - - 3,70 - 2,74 - -
Cs - - - - - - - 0,22 - bdl - -
Ba 109 133 143 100 81 62 83 80,59 92 14,46 257 54
Hf - - - - - - - 3,60 - 2,40 - -
Ta - - - - - - - 0,65 - 0,67 - -
W - - - - - - - 2,44 - bdl - -
Tl - - - - - - - bdl - bdl - -
Th - - - - - - - 6,82 - 6,50 - -
U - - - - - - - 2,03 - 1,41 - -
Au* - - - - - - - bdl - 4,50 - -
As - - - - - - - 31,90 - 19,30 - -
Br - - - - - - - bdl - bdl - -
Co 42 bdl 66 68 31 21 bdl 34,00 71 16,00 80 34
Cr bdl bdl bdl bdl bdl bdl bdl 11,00 bdl 69,50 bdl bdl
Sb - - - - - - - 0,75 - 0,65 - -
Sc - - - - - - - 35,50 - 8,25 - -
Ag - - - - - - - 0,61 - bdl - -
Cd - - - - - - - bdl - bdl - -
Cu bdl bdl 170 138 bdl bdl bdl 42,07 bdl bdl bdl bdl
Ni bdl bdl bdl 28 bdl bdl bdl 44,43 bdl 40,05 89 bdl
Pb - - - - - - - 3,81 - bdl - -
Zn - - - - - - - 15,28 - 16,63 - -
Bi - - - - - - - bdl - bdl - -
Notes: §LECO analysis, *ppb; bld= below detection limit
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Table 12.43 Geochemical data of major oxides (XRF), trace and rare earth elements (XRF;
ICP-MS; INAA) of the biotite-chlorite-grunerite-calcite alteration zone.
Sample 8804 8806 8808 8827 8828 8830 8831 8834 GM7 GM10 GM23 DDGM2
Rock BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC BCGC
wt.%
SiO2 48,03 54,49 43,93 54,24 38,94 43,57 45,12 36,26 65,55 45,68 35,44 47,01
TiO2 0,89 0,59 0,87 1,30 1,37 0,87 0,47 1,92 0,66 1,08 1,07 0,52
Al2O3 11,46 6,89 11,42 12,46 13,19 9,50 5,62 14,95 12,17 16,08 18,69 8,37
Fe2O3 16,54 28,43 31,57 15,79 24,29 20,84 29,43 20,24 9,46 16,98 20,50 27,03
MnO 0,17 0,59 0,28 0,09 0,18 0,20 0,47 0,15 0,07 0,11 0,18 0,50
MgO 5,53 5,98 8,22 10,20 12,64 13,17 15,37 16,19 2,43 7,19 9,11 6,66
CaO 6,80 0,49 0,23 0,36 4,89 8,27 1,37 5,33 0,55 3,58 5,57 2,91
Na2O 2,15 3,14 0,21 0,25 0,55 0,58 0,29 0,25 3,58 3,40 2,91 1,45
K2O 0,70 0,90 0,71 0,26 0,24 0,19 0,05 0,08 1,71 2,16 0,24 1,64
P2O3 0,07 0,07 0,08 0,09 0,11 0,14 0,25 0,12 0,16 0,14 0,14 0,24
LOI 8,11 -0,42 4,15 5,12 4,45 3,48 2,55 5,74 2,43 2,85 5,68 1,56
Total 100,46 101,17 101,68 100,17 100,83 100,83 100,98 101,22 98,84 99,34 99,60 97,90
S bdl bdl bdl bdl bdl bdl 0,19 bdl bdl bdl bdl 0.09§
ppm
La 19,19 27,05 31,97 25,98 31,32 32,66 20,15 121,72 - - - -
Ce 35,18 50,85 56,09 50,81 57,46 56,58 36,30 223,12 - - - -
Pr 4,00 5,71 6,26 5,87 6,51 6,30 4,14 25,88 - - - -
Nd 16,41 23,81 25,60 25,69 27,97 26,49 18,21 112,23 - - - -
Sm 3,39 4,94 5,41 5,38 6,32 5,53 4,55 21,96 - - - -
Eu 1,03 1,52 2,17 1,33 2,01 1,87 1,06 4,84 - - - -
Gd 3,48 4,97 5,29 4,75 7,72 6,77 6,01 15,21 - - - -
Tb 0,59 0,92 0,87 0,73 1,46 1,36 1,18 1,72 - - - -
Dy 3,51 5,85 5,27 3,44 9,02 8,38 6,90 7,17 - - - -
Ho 0,73 1,27 1,13 0,66 1,78 1,75 1,42 1,20 - - - -
Er 2,26 4,10 3,47 2,12 5,10 5,11 3,98 3,51 - - - -
Tm 0,34 0,61 0,52 0,33 0,72 0,72 0,56 0,46 - - - -
Yb 2,11 3,88 3,21 2,19 4,16 4,14 3,05 3,16 - - - -
Lu 0,33 0,59 0,48 0,34 0,61 0,59 0,41 0,48 - - - -
V 315,03 84,23 227,18 453,50 297,51 191,12 150,96 531,36 63 366 524 206
Ga 19,60 10,39 17,11 22,65 21,89 16,03 8,97 24,28 - - - -
Ge 1,82 2,36 2,25 2,19 1,87 2,09 1,87 2,19 - - - -
Rb 37,54 35,87 42,07 11,65 9,28 7,83 2,40 1,63 64 139 bdl 79
Sr 30,58 7,72 bdl 2,30 bdl 2,82 bdl 2,73 22 70 53 29
Y 20,61 36,58 31,66 20,07 48,92 46,50 37,52 31,59 39 bdl bdl 58
Zr 118,04 153,47 114,38 146,20 166,58 115,77 60,47 209,66 212 60 108 221
Nb 7,06 12,81 6,71 9,07 9,66 6,90 3,86 12,60 - - - -
Mo bdl bdl bdl bdl bdl bdl bdl bdl - - - -
In bdl bdl bdl bdl bdl bdl bdl bdl - - - -
Sn 4,44 4,30 3,99 3,31 7,63 8,39 4,82 4,78 - - - -
Cs 4,40 2,66 3,95 1,09 0,85 0,75 0,26 0,21 - - - -
Ba 56,35 63,87 51,86 12,32 11,90 7,93 bdl 5,24 160 390 500 -
Hf 2,98 3,93 2,93 3,83 4,35 2,99 1,59 5,71 - - - -
Ta 0,54 1,04 0,50 0,75 0,75 0,48 0,25 1,08 - - - -
W 3,93 41,86 29,20 65,42 1,52 6,40 37,96 2,09 - - - -
Tl 0,23 0,16 0,31 0,06 0,06 0,14 bdl bdl - - - -
Th 5,16 9,06 4,97 7,73 7,77 3,78 3,29 11,97 - - - -
U 1,63 2,96 1,79 2,41 2,77 1,78 1,44 5,02 - - - -
Au* bdl 4,00 6,00 bdl bdl bdl 56,00 6,50 - - - -
As 4,15 26,25 29,20 2,75 61,15 239,00 111,90 5,40 bdl bdl bdl 26
Br bdl bdl bdl bdl bdl bdl bdl bdl - - - -
Co 31,00 30,00 47,00 29,00 82,00 172,00 76,00 61,50 34 63 102 64
Cr 8,50 13,00 11,00 7,00 9,50 13,50 14,00 bdl - - - -
Sb 0,45 0,35 0,55 bdl bdl 0,20 0,40 0,30 - - - -
Sc 33,60 42,10 24,00 34,00 25,00 32,00 35,00 43,10 - - - -
Ag 0,39 0,42 0,45 0,32 0,47 0,40 0,45 0,33 - - - -
Cd bdl bdl bdl bdl bdl bdl bdl bdl - - - -
Cu 5,76 bdl bdl 14,33 bdl 1,68 1692,44 bdl 592 81 bdl 23
Ni 9,66 13,71 22,33 9,92 42,31 62,13 81,87 58,63 69 95 83 33
Pb bdl bdl 3,87 bdl bdl bdl bdl 5,10 - - - -
Zn 15,35 12,37 9,96 9,71 13,31 11,50 11,52 13,82 - - - -
Bi bdl bdl bdl bdl 5,64 9,26 4,60 13,41 - - - -
Notes: §LECO analysis, *ppb; bld= below detection limit
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Table 12.44 Geochemical data of major oxides (XRF), trace and rare earth elements (XRF;
ICP-MS; INAA) of massive grunerite zones from the main breccia.
Sample 8809 8813 8817 8833
Rock Grun Grun Grun Grun
wt.%
SiO2 48,63 46,87 48,65 54,84
TiO2 0,06 0,03 0,01 0,02
Al2O3 0,68 0,10 0,09 0,50
Fe2O3 38,04 37,88 34,50 22,72
MnO 0,67 0,53 0,47 0,51
MgO 12,67 14,11 14,98 17,95
CaO 0,31 0,30 0,14 3,63
Na2O 0,36 0,26 0,29 0,06
K2O 0,03 0,10 0,01 0,01
P2O3 0,05 0,07 0,10 0,10
LOI -0,33 1,07 1,36 0,44
Total 101,18 101,32 100,59 100,77
S 0,16 bdl bdl bdl
ppm
La 2,14 - - 0,21
Ce 3,79 - - 0,51
Pr 0,45 - - 0,09
Nd 2,02 - - 0,65
Sm 0,55 - - 0,46
Eu 0,18 - - 0,19
Gd 0,78 - - 1,26
Tb 0,15 - - 0,34
Dy 1,00 - - 2,29
Ho 0,21 - - 0,49
Er 0,68 - - 1,43
Tm 0,12 - - 0,21
Yb 0,82 - - 1,15
Lu 0,13 - - 0,16
V 109,14 96 26 27,80
Ga 2,71 - - 1,36
Ge 2,41 - - 2,29
Rb 4,05 bdl bdl bdl
Sr bdl 35 33 bdl
Y 5,32 - - 13,27
Zr 16,40 bdl 25 15,66
Nb 1,02 - - 0,89
Mo bdl - - bdl
In bdl - - bdl
Sn 3,07 - - 3,85
Cs 0,21 - - bdl
Ba 6,12 58 63 bdl
Hf 0,32 - - 0,24
Ta 0,06 - - 0,02
W 4,28 - - bdl
Tl bdl - - bdl
Th 0,49 - - 0,11
U 0,39 - - 0,08
Au* 247,00 - - bdl
As 374,00 >1500 bdl 4,40
Br bdl - - bdl
Co 74,00 1039 115 42,50
Cr 22,00 - - 5,50
Sb 0,35 - - 0,30
Sc 41,60 - - 20,25
Ag 0,44 - - 0,39
Cd bdl - - bdl
Cu 1252,47 bdl > bdl
Ni 57,28 - - 34,88
Pb bdl - - bdl
Zn 11,00 - - 12,72
Bi 2,86 - - 8,31
Notes: §LECO analysis, *ppb; bld= below detection limit
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Table 12.45 Geochemical data of major oxides, trace and rare earth elements (XRF) of least
altered metacarbonate.
Sample DDGM5 DDGM3 DDGM7 DDGM8 8811 8823 8810
Rock Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb Mcarb
wt.%
SiO2 0,80 2,35 0,53 1,26 2,12 3,73 3,10
TiO2 bdl bdl bdl bdl bdl bdl 0,04
Al2O3 0,69 0,70 0,55 0,57 0,85 0,26 0,74
Fe2O3 45,37 47,66 47,57 59,89 49,61 35,39 46,21
MnO 1,14 1,12 1,49 1,26 1,23 1,06 1,24
MgO 17,29 16,75 17,96 12,84 15,28 16,70 15,62
CaO 0,34 0,64 0,69 0,51 0,41 9,68 2,35
Na2O 0,36 0,37 0,39 0,35 0,89 0,54 0,79
K2O 0,09 0,10 0,10 0,11 bdl 0,07 bdl
P2O3 bdl bdl bdl bdl bdl bdl bdl
LOI 32,74 29,43 29,62 22,00 28,71 27,66 27,12
Total 99,15 99,68 99,13 98,78 99,33 101,03 100,52
S 0,61§ 0,27§ bdl§ bdl§ 0,24 5,93 3,32
C§ 9,30 8,35 6,68 7,88 - - -
ppm
La - - - - 195 149 194
V 149 64 169 335 96 36 175
Rb bdl 35 bdl 21 bdl bdl bdl
Sr 29 32 37 47 40 48 44
Y 26 bdl 23 bdl bdl 73 bdl
Zr 106 38 31 61 35 20 32
Mo 28 30 34 52 43 27 41
Ba - - - - 129 57 64
As 40 bdl 191 137 135 337 42
Co 135 64 113 149 92 150 104
Cr 70 59 70 78 66 35 77
Cu > 1447 847 204 265 > >
Ni 75 25 30 35 21 177 71
Pb bdl bdl bdl bdl bdl bdl bdl
Zn bdl bdl bdl bdl bdl bdl bdl
Notes: § LECO analysis, bld= below detection limit
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Table 12.46 Geochemical data of major oxides, trace and rare earth elements (XRF) of the
ore breccia in the metacarbonate.
Sample 8825 8819 8822 8818 8820 DDGM6 DDGM4
Rock Brec Brec Brec Brec Brec Brec Brec
wt.%
SiO2 0,40 1,91 1,28 2,63 6,01 11,52 7,15
TiO2 bdl bdl bdl bdl bdl bdl bdl
Al2O3 1,47 0,96 0,24 0,60 0,85 0,96 1,04
Fe2O3 43,55 46,32 54,84 44,99 64,72 53,37 33,83
MnO 0,50 1,01 1,02 1,17 0,69 0,49 0,29
MgO 8,74 12,37 12,19 16,39 8,03 4,95 5,83
CaO 3,31 0,41 0,65 0,33 0,19 0,41 5,89
Na2O 1,27 1,09 0,93 0,97 1,26 2,60 0,68
K2O 0,08 0,01 bdl bdl bdl 0,75 0,09
P2O3 0,06 0,03 bdl 0,07 0,08 0,05 0,10
LOI 17,35 26,30 25,79 30,48 15,34 16,80 17,39
Total 82,80 90,52 97,24 97,78 97,26 91,96 75,94
S 6,07 0,12 0,30 0,15 0,08 5,03§ 1.57§
C§ - - - - - 4,89 3,67
ppm
La 333 302 293 251 382 - -
V 51 117 95 60 224 105 373
Rb 30 bdl 27 bdl 24 bdl 23
Sr 111 68 66 40 89 51 121
Y 26 bdl bdl bdl bdl bdl 45
Zr 90 58 49 39 73 53 36
Mo 112 71 76 41 102 58 81
Ba 414 223 189 147 139 - -
As 773 551 610 1134 1055 2360 3679
Co 945 507 553 538 819 931 3246
Cr 57 66 53 61 63 59 33
Cu > > > > > > >
Ni 623 511 1351 197 2429 707 1537
Pb bdl bdl bdl bdl bdl bdl bdl
Zn bdl 31 bdl bdl 22 bdl 105
Notes: §LECO analysis, bld= below detection limit
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12.6 Stable isotope analyses
12.6.1 Sulfur analysis
Sulfur isotopes were analyze using Combustion-isotope-ratio Mass Spectrometer (C-itMS)
burnt in a Carlo Erba EA 1108 element analyzer, connected to a Finnigan Conflo II interface
(Böttcher et al. 1997). The sulfides were removed using a microborer form three thick
sections. The sulfides were measured with a Finnigan MAT 252 Mass Spectrometer,
reproducible to ±0.2‰; the data is referred to using the notation 34S after referencing to
the Vienna Canyon Diablo (VCD) standard.
12.6.2 Oxygen and Hydrogen
Oxygen isotopes were analyzed using a Laser Line described after Rumble and Hoering
(1994) were used for the analysis of mineral fractions with ±0.1‰ accuracy. The analyses
were measured using a Finnigan MAT 252 mass spectrometer; the data is referred to using
the notation 18O after referencing to the Vienna Standard Mean Ocean Water (V-SMOW)
standard.
Hydrogen isotopes were analyzed using a and was used for the analyses of mineral
fractions with an accuracy of ±0.2‰. The analyses were measured using a Finnigan MAT
252 mass spectrometer; the data is referred to using the notation 18O after referencing to
the Vienna Standard Mean Ocean Water (V-SMOW) standard.
12.6.3 Carbon
Carbon isotopes were analyzed using a Convectional collector. The convectional method
follows Asprey (1976) and Clayton and Mayeda (1963). The data is referred to using the
notation 13C after referencing to the Peedee Belemnite (PDB) standard.
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12.7 LA-ICP-MS analyses
LA-ICP-MS analyses were performed at the Mineralogical Institute of the University of
Frankfurt, using the Thermo-Finnigan Element II sector field ICP-MS coupled to a
Merkantek/New Wave UP213 nm ultraviolet laser system. A teardrop-shaped, low volume
laser cell (Horstwood et al. 2003) was used to enable precise sampling of heterogeneous
material during time resolved data acquisition (see also Janousek et al. 2006). Siderite,
monazite and xenotime major and trace element chemistry analyses were made in situ from
polished thin as well thick sections. Monazite and xenotime grains were analysed in situ
from thick section for 202Hg, 204Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U in peak
jumping mode during 60s acquisition with a laser spot-size of 30 µm. A common Pb
correction was applied when the interference- and background-corrected 204Pb signal was at
the detectable level of > 15-20 cps (counts per second). 204Pb signal interferes with the
204Hg isotope (< 200 cps) that occurs together with 202Hg in the argon carrier gas. The
precise detection of 204Pb was therefore dependent on accurate monitoring of Hg. However,
about two third of the analyses yield a 206Pb/204Pb ratio of >5000, a level where any
common Pb correction becomes insignificant. Raw data were corrected offline for
background signal, laser induced elemental fractionation, instrumental mass discrimination
(normalisation to the reference monazite Manangotry; Horstwood et al. 2003), and time-
dependant elemental fractionation of Pb/Th and Pb/U using an Excel® spreadsheet
program. The internal precision of sample and Manangotry 207Pb/206Pb and 206Pb/238U ratios
averaged 1.1 and 1.3% (1SE), respectively, with a range from 0.5 to 2.8%. Reported errors
(1σconfidence level on ratios, 2 σon ages) were propagated with the reproducibility (1 SD)
of the Manangotry (n=8) over each individual session (n=3), which were about 0.5-0.7%,
1.4-2% and 0.7-1.5% for the 207Pb/206Pb, 206Pb/238U and 208Pb/232Th ratios, respectively.
Concordia diagrams and concordia ages were produced using Isoplot/Ex 2.49 (Ludwig
2001).
Notes for the Table 12.51
*Within-run background-corrected mean 207Pb signal in counts per second (cps).
† U and Pb content and Th/U ratio were calculated relative to Manangotry monazite and are accurate to
approximately 10% (approximately heterogeneity of the Manangotry standard).
‡ Corrected for background, mass bias, laser-induced U–Pb fractionation and common Pb using Stacey and
Kramers (1975) model Pb composition. 207Pb/235U is calculated using 207Pb/206Pb/(238U/206Pb· 1/137.88). Errors are
quadratic additions of within-run errors (1 SE) and the reproducibility of Manangotry monazite (1 SD).
§q is the error correlation defined as err206Pb/238U/err207Pb/235U.
–Unreliable data because of very low 208Pb signal (<2000 cps).
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12.7.1 Mineral Chemistry
Table 12.47 Trace and rare earth geochemistry (LA-ICP-MS) of the least altered siderite
(Sd1) from the metacarbonate.
An. No. 1 2 3 4
T-S No. 26286 26286 26286 26286
Rock Mcarb Mcarb Mcarb Mcarb
ppm
Rb 0,871 0,855 0,954 0,911
Sr 1,723 1,516 2,028 1,471
Y 1,105 1,109 0,840 0,732
Zr 0,093 0,069 0,073 0,067
Nb 0,007 0,006 0,007 0,007
Ba 7,170 5,950 8,230 5,790
La 0,179 0,201 0,156 0,127
Ce 0,266 0,330 0,203 0,181
Pr 0,027 0,037 0,028 0,024
Nd 0,139 0,217 0,125 0,150
Sm 0,084 0,138 0,073 0,078
Eu 0,072 0,055 0,033 0,044
Gd 0,223 0,207 0,153 0,180
Tb 0,022 0,025 0,018 0,020
Dy 0,241 0,164 0,190 0,142
Ho 0,060 0,052 0,036 0,033
Er 0,211 0,197 0,161 0,147
Tm 0,044 0,036 0,042 0,032
Yb 0,421 0,340 0,424 0,356
Lu 0,121 0,080 0,116 0,098
Pb 1,649 1,474 1,227 1,143
Th 0,003 0,033 0,001 0,006
U 0,005 0,006 0,003 0,005
Table 12.48 Trace and rare earth geochemistry (LA-ICP-MS) of the recrystallized siderite
(Sd2/3) from the metacarbonate.
An. No. 5 6 7 8 9 10 11 12 13 14
T-S No. 26284 26284 26284 26284 26284 26285 26285 26285 26285 26285
Rock Brec Brec Brec Brec Brec Brec Brec Brec Brec Brec
ppm
Rb 0,126 0,108 0,386 0,229 0,247 0,122 0,060 0,081 0,266 0,061
Sr 0,549 0,431 0,624 0,493 0,627 1,248 0,383 0,965 0,807 1,596
Y 2,156 2,414 1,505 0,714 2,412 1,321 1,547 1,766 3,980 1,356
Zr 0,052 0,129 0,152 0,101 0,047 0,250 0,142 0,039 0,054 0,142
Nb 0,010 0,014 0,025 0,010 0,029 0,010 0,011 0,007 0,004 0,008
Ba 1,901 1,411 2,409 2,214 1,920 2,206 2,070 0,923 2,435 1,747
La 0,304 0,189 0,228 0,119 0,384 0,131 0,070 0,048 0,098 0,115
Ce 0,352 0,198 0,212 0,176 0,615 0,162 0,092 0,094 0,169 0,181
Pr 0,066 0,032 0,039 0,016 0,071 0,030 0,016 0,015 0,026 0,027
Nd 0,173 0,120 0,210 0,099 0,396 0,106 0,044 0,095 0,157 0,185
Sm 0,147 0,062 0,098 0,067 0,197 0,083 0,069 0,065 0,078 0,102
Eu 0,057 0,032 0,035 0,027 0,084 0,034 0,016 0,020 0,035 0,040
Gd 0,207 0,103 0,128 0,094 0,299 0,076 0,070 0,133 0,257 0,115
Tb 0,032 0,028 0,030 0,012 0,052 0,020 0,018 0,020 0,040 0,013
Dy 0,335 0,407 0,250 0,159 0,399 0,149 0,229 0,168 0,410 0,168
Ho 0,099 0,112 0,068 0,037 0,112 0,058 0,065 0,085 0,167 0,066
Er 0,392 0,481 0,259 0,121 0,408 0,305 0,344 0,435 0,961 0,304
Tm 0,115 0,152 0,066 0,036 0,101 0,095 0,102 0,123 0,263 0,096
Yb 1,308 1,678 0,664 0,448 1,048 1,227 1,316 1,353 2,828 1,263
Lu 0,357 0,448 0,172 0,120 0,297 0,313 0,342 0,345 0,707 0,349
Pb 1,110 0,943 1,483 1,109 0,850 1,067 0,720 0,327 0,744 0,692
Th 0,002 0,002 0,007 0,001 0,002 0,004 0,006 0,002 0,004 0,002
U 0,010 0,007 0,009 0,005 0,008 0,012 0,012 0,005 0,007 0,006
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Table 12.49 Trace and rare earth geochemistry (LA-ICP-MS) of monazite type I from the ore
breccia.
An. No. 1 2 3 4 5 6 7 8 9 10
T-S No. 27211 27137 27137 27137 27137 27137 27137 27137 27137 27137
wt.%
SiO2 0,053 0,129 0,435 0,097 0,052 0,049 0,061 0,042 0,052 0,039
CaO 0,066 0,124 0,249 0,181 0,046 0,034 0,052 0,111 0,077 0,094
Y2O3 1,358 1,184 0,730 0,892 0,400 0,702 0,627 0,639 0,594 0,747
BaO 0,120 0,114 0,122 0,120 0,120 0,121 0,119 0,119 0,120 0,120
La2O3 12,880 14,699 14,411 14,648 15,100 14,022 15,664 14,563 14,937 14,005
Ce2O3 32,285 32,189 33,137 34,490 35,107 31,945 34,087 32,437 33,555 34,050
Pr2O3 4,231 3,920 3,807 3,923 4,020 3,908 3,974 3,975 3,944 4,077
Nd2O3 10,624 11,631 12,410 11,606 11,022 12,043 11,081 12,217 11,686 12,235
Sm2O3 3,705 2,749 2,339 2,610 3,801 3,998 2,763 4,169 3,684 3,226
Eu2O3 1,293 1,251 0,882 1,031 0,503 1,044 1,017 0,976 1,121 1,193
Gd2O3 3,335 2,407 1,546 1,886 1,439 1,725 1,947 1,556 1,805 2,034
Tb2O3 0,208 0,148 0,102 0,125 0,096 0,129 0,116 0,118 0,118 0,127
Dy2O3 0,609 0,480 0,316 0,386 0,231 0,350 0,323 0,320 0,309 0,352
Ho2O3 0,055 0,045 0,029 0,036 0,017 0,029 0,027 0,026 0,024 0,030
Er2O3 0,059 0,047 0,030 0,036 0,016 0,030 0,026 0,028 0,024 0,029
Tm2O3 0,003 0,002 0,002 0,002 0,001 0,002 0,001 0,001 0,001 0,002
Yb2O3 0,009 0,006 0,005 0,005 0,003 0,005 0,004 0,004 0,004 0,005
Lu2O3 0,001 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
PbO2 0,002 0,002 0,003 0,003 0,004 0,004 0,005 0,005 0,006 0,006
ThO2 0,012 0,014 0,019 0,022 0,025 0,032 0,032 0,038 0,042 0,051
UO2 0,247 0,180 0,090 0,079 0,079 0,148 0,078 0,135 0,088 0,087
P2O5 29,009 28,624 29,750 29,217 27,964 28,971 28,945 28,790 28,885 28,721
Total 100,163 99,946 100,413 101,396 100,046 99,291 100,950 100,272 101,079 101,229
An. No. 11 12 13 14 15 16 17 18
T-S No. 27137 27137 27137 27137 27137 27137 27137 27137
wt.%
SiO2 0,099 0,047 0,074 0,086 0,049 0,094 0,540 0,042
CaO 0,061 0,072 0,074 0,110 0,022 0,019 0,117 0,118
Y2O3 0,612 0,537 0,772 0,790 0,635 0,531 0,895 1,067
BaO 0,118 0,121 0,119 0,123 0,120 0,117 0,120 0,125
La2O3 14,648 14,083 14,022 14,217 14,905 15,585 13,950 12,951
Ce2O3 32,490 34,223 31,945 31,429 32,950 34,759 32,957 33,795
Pr2O3 4,017 4,156 4,122 4,095 3,999 3,998 4,040 3,825
Nd2O3 11,606 11,470 12,043 12,518 12,235 11,329 11,533 12,513
Sm2O3 3,488 3,513 4,005 5,888 4,655 3,926 3,895 3,356
Eu2O3 1,240 1,170 0,971 1,174 1,022 1,099 1,008 0,763
Gd2O3 2,172 2,086 1,952 2,077 1,726 1,993 1,852 1,753
Tb2O3 0,132 0,132 0,137 0,161 0,129 0,122 0,142 0,145
Dy2O3 0,349 0,331 0,376 0,415 0,346 0,300 0,413 0,462
Ho2O3 0,027 0,024 0,031 0,033 0,027 0,024 0,037 0,044
Er2O3 0,024 0,019 0,033 0,035 0,028 0,022 0,038 0,047
Tm2O3 0,001 0,001 0,002 0,002 0,002 0,001 0,002 0,003
Yb2O3 0,004 0,003 0,005 0,007 0,005 0,004 0,006 0,007
Lu2O3 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
PbO2 0,007 0,010 0,012 0,012 0,014 0,014 0,017 0,016
ThO2 0,066 0,084 0,088 0,092 0,095 0,099 0,107 0,115
UO2 0,064 0,063 0,113 0,093 0,112 0,110 0,117 0,137
P2O5 29,217 29,230 28,971 28,039 27,721 26,278 29,093 28,991
Total 100,443 101,376 99,870 101,395 100,796 100,423 100,879 100,273
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Table 12.50 Trace and rare earth geochemistry (LA-ICP-MS) of monazite type II from the
ore breccia.
An. No. 18 19 20 21 22 23
T-S No. 27137 27211 27211 27211 27211 27211
wt.%
SiO2 0,076 0,486 0,186 0,163 0,513 0,352
CaO 0,015 0,014 0,098 0,085 0,056 0,105
Y2O3 0,741 0,952 0,879 1,099 1,071 0,923
BaO 0,119 0,120 0,119 0,119 0,118 0,122
La2O3 14,783 13,548 12,295 13,803 13,136 13,725
Ce2O3 32,313 32,212 33,264 32,533 33,760 31,112
Pr2O3 4,231 4,188 4,132 4,056 4,090 4,166
Nd2O3 11,758 11,982 12,410 11,497 11,788 12,830
Sm2O3 5,965 3,072 3,157 5,216 3,257 3,331
Eu2O3 0,529 0,946 0,953 0,954 0,945 0,747
Gd2O3 1,719 3,004 2,986 2,053 2,980 3,414
Tb2O3 0,151 0,160 0,161 0,175 0,169 0,182
Dy2O3 0,392 0,449 0,435 0,514 0,487 0,488
Ho2O3 0,031 0,039 0,036 0,043 0,043 0,040
Er2O3 0,034 0,041 0,037 0,049 0,049 0,039
Tm2O3 0,002 0,003 0,002 0,003 0,004 0,002
Yb2O3 0,006 0,010 0,008 0,009 0,013 0,008
Lu2O3 0,000 0,001 0,000 0,001 0,001 0,000
PbO2 0,020 0,020 0,034 0,031 0,034 0,037
ThO2 0,169 0,186 0,219 0,228 0,321 0,324
UO2 0,046 0,054 0,058 0,033 0,063 0,063
P2O5 27,668 29,023 28,830 28,414 28,072 27,986
Total 100,766 100,510 100,300 101,077 100,971 99,997
Table 12.51 Trace and rare earth geochemistry (LA-ICP-MS) of xenotime type I from the
ore breccia.
An. No. 1 2 3 4
T-S No. 27137 27137 27137 27137
wt.%
Rb2O 34,683 30,416 34,103 33,961
SrO2 12,624 12,565 12,400 12,553
Y2O3 30,581 6,743 7,635 19,419
La2O3 38,260 36,990 36,240 37,480
Ce2O3 0,001 0,003 0,004 0,002
Pr2O3 0,005 0,032 0,036 0,021
Nd2O3 0,004 0,021 0,023 0,014
Sm2O3 0,113 0,461 0,440 0,279
Eu2O3 0,598 1,591 1,386 0,944
Gd2O3 0,521 0,867 0,802 0,612
Tb2O3 2,648 4,302 4,561 3,998
Dy2O3 0,732 0,985 1,001 0,903
Ho2O3 7,477 7,897 8,667 8,183
Er2O3 1,674 1,552 1,679 1,635
Tm2O3 3,767 3,388 3,585 3,570
Yb2O3 0,501 0,456 0,458 0,457
Lu2O3 3,752 3,482 3,207 3,252
PbO2 0,268 0,232 0,235 0,257
ThO2 0,000 0,000 0,000 0,006
UO2 0,059 0,034 0,120 0,112
P2O5 38,930 37,860 37,310 37,370
Total 99,310 100,154 99,754 99,094
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12.7.2U-Pb and Pb-Pb Geochronology
Table 12.52 U, Th and Pb LA-ICP-MS data of type I monazite and xenotime and type II monazite and xenotime.
Composition Isotope ratios Ages
Sample
207Pb*
(cps)
U†
(ppm)
Pb†
(ppm)
206Pb/204Pb Th/U
206Pb/238U‡
±1(%)
207Pb/235U‡
±1(%)
208Pb/232U‡
±1(%)
207Pb/206Pb‡
±1(%) §
208Pb/232Th
±2(Ma)
207Pb/235U
±2(Ma)
206Pb/238U
±2(Ma)
207Pb/206Pb
±2(Ma)
Monazite I
Mnz-I 1 31307 520 317 16222 1,13 0,4724 (1,6) 10,62 (1,8) 0,1213 (1,8) 0,1630 (0,9) 0,81 2314 (83) 2490 (91) 2494 (79) 2487 (30)
Mnz-I 2 36858 633 321 22472 0,25 0,4743 (1,7) 10,69 (1,9) 0,1150 (1,8) 0,1635 (0,8) 0,87 2200 (78) 2497 (93) 2502 (85) 2492 (26)
Mnz-I 3 32238 539 285 6134 0,45 0,4723 (1,5) 10,63 (1,8) 0,1275 (1,3) 0,1631 (0,9) 0,80 2426 (61) 2491 (87) 2494 (76) 2489 (29)
Mnz-I 4 45428 757 359 27386 0,02 0,4689 (1,7) 10,52 (2,1) - 0,1627 (1,1) 0,78 - 2481 (103) 2479 (86) 2484 (39)
Mnz-I 5 53769 1213 631 42656 0,53 0,4564 (1,7) 10,28 (1,9) 0,1080 (1,0) 0,1633 (0,9) 0,84 2073 (40) 2460 (93) 2423 (81) 2490 (30)
Mnz-I 6 62382 1307 676 36949 1,57 0,3716 (1,6) 8,34 (1,8) 0,1036 (1,3) 0,1627 (0,8) 0,84 1992 (51) 2268 (80) 2037 (65) 2484 (27)
Mnz-I 7 76819 1609 608 45621 0,03 0,3712 (1,8) 8,48 (2,0) 0,1288 (2,8) 0,1657 (0,9) 0,86 2450 (135) 2284 (92) 2035 (74) 2515 (30)
Mnz-I 8 66594 1208 580 40429 0,17 0,4571 (1,9) 10,28 (2,1) 0,1301 (1,8) 0,1630 (0,9) 0.90 2472 (88) 2460 (103) 2427 (92) 2487 (30)
Mnz-I 9 26436 472 221 16088 0,02 0,4625 (1,7) 10,40 (1,8) 0,1187 (7,1) 0,1632 (0,8) 0,90 2267 (320) 2471 (91) 2451 (82) 2489 (26)
Mnz-I 10 29983 550 260 18205 0,43 0,4211 (2,0) 9,53 (2,1) 0,1270 (2,2) 0,1642 (0,7) 0,94 2417 (107) 2391 (103) 2265 (92) 2499 (24)
Mnz-I 11 56891 950 463 33649 0,14 0,4670 (1,8) 10,61 (1,9) 0,1274 (2,2) 0,1648 (0,6) 0,95 2424 (107) 2490 (93) 2470 (87) 2506 (20)
Mnz-I 12 23760 410 237 14632 0,79 0,4803 (1,7) 10,81 (1,9) 0,1309 (2,2) 0,1632 (1,0) 0,85 2486 (108) 2507 (97) 2528 (84) 2489 (33)
Mnz-I 13 8511 142 74 4149 0,39 0,4718 (1,8) 10,55 (2,2) 0,1342 (2,6) 0,1621 (1,2) 0,84 2546 (132) 2484 (107) 2491 (91) 2478 (39)
Mnz-I 14 54643 929 473 33203 0,36 0,4639 (1,9) 10,44 (2,0) 0,1340 (1,7) 0,1632 (0,7) 0,94 2541 (87) 2475 (101) 2457 (95) 2490 (23)
Xenotime I
Xn-I 33987 584 329 5183 0,86 0,4617 (1,9) 10,27 (2,1) 0,1303 (1,2) 0,1614 (1,0) 0,85 2476 (62) 2460 (106) 2447 (93) 2470 (34)
Xn-I 74545 1208 604 11510 0,01 0,4956 (1,8) 11,09 (2,2) - 0,1622 (1,4) 0,73 - 2530 (113) 2595 (92) 2479 (46)
Xn-I 9882 146 75 3785 0,14 0,4887 (1,9) 10,95 (2,4) - 0,1624 (1,4) 0,76 - 2518 (119) 2565 (97) 2481 (47)
Monazite II
Mnz-II 1 11923 557 167 11021 0,1 0,3134 (2,0) 4,58 (2,2) 0,0893 (3,0) 0,1059 (1,0) 0,90 1729 (104) 1745 (78) 1757 (70) 1730 (37)
Mnz-II 2 4832 338 102 4556 1,1 0,2399 (2,0) 3,49 (2,4) 0,0758 (2,6) 0,1055 (1,2) 0,88 1476 (77) 1525 (73) 1386 (57) 1724 (44)
Mnz-II 3 12176 715 219 11105 0,1 0,3129 (1,9) 4,66 (2,2) 0,0856 (2,9) 0,1080 (1,2) 0,87 1661 (95) 1760 (79) 1755 (67) 1766 (43)
Mnz-II 4 14779 894 271 8396 0,1 0,3077 (2,0) 4,53 (2,3) 0,0851 (3,3) 0,1068 (1,2) 0,87 1651 (110) 1736 (81) 1729 (69) 1745 (45)
Mnz-II 5 5466 346 113 5205 0,2 0,3267 (2,1) 4,80 (2,5) 0,0853 (3,4) 0,1066 (1,2) 0,87 1654 (114) 1785 (88) 1822 (77) 1742 (47)
Mnz-II 6 24627 1447 492 23198 0,7 0,3030 (1,9) 4,40 (2,0) 0,0926 (2,6) 0,1053 (0,7) 0,95 1790 (92) 1712 (70) 1706 (66) 1719 (26)
Mnz-II 7 11341 495 170 10526 0,66 0,3081 (1,7) 4,57 (2,0) 0,0795 (2,0) 0,1076 (1,0) 0,81 1546 (63) 1744 (69) 1731 (59) 1759 (37)
Mnz-II 8 20707 833 249 3731 0,14 0,3010 (1,7) 4,43 (1,9) 0,0858 (2,9) 0,1066 (0,9) 0,85 1663 (95) 1717 (66) 1696 (58) 1743 (31)
Mnz-II 9 4669 189 90 5978 2,25 0,3040 (2,1) 4,44 (2,7) 0,0899 (1,3) 0,1060 1,7) 0,73 1741 (44) 1720 (93) 1711 /72) 1732 (63)
Mnz-II 10 5568 211 99 1200 2,14 0,3032 (1,8) 4,52 (2,2) 0,0908 (1,8) 0,1082 (1,3) 0,80 1756 (65) 1735 (77) 1707 (61) 1770 (48)
Xenotime II
Xn-II 6573 245 73 5513 0,03 0,3101 (1,6) 4,54 (2,2) - 0,1062 (1,6) 0,63 - 1738 (78) 1741 (56) 1735 (57)
Monazite III
Mnz-III 1 12414 259 111 3202 0,03 0,4274 (2,1) 8,98 (2,4) - 0,1524 (1,2) 0,88 - 2336 (114) 2294 (98) 2373 (40)
Mnz-III 2 4787 170 100 - 3,24 0,3272 (1,2) 5,18 (2,1) 0,0982 (1,3) 0,1149 (1,2) 0,81 1892 (45) 1850 (78) 1825 (62) 1879 (45)
Mnz-III 3 3502 109 74 - 3,60 0,3606 (1,7) 5,91 (2,4) 0,0956 (1,0) 0,1188 (1,8) 0,69 1846 (36) 1963 (95) 1985 (67) 1939 (63)
Mnz-III 4 13887 278 164 - 1,56 0,4233 (1,8) 8,86 (2,1) 0,1246 (1,0) 0,1518 (1,1) 0,86 2373 (45) 2324 (99) 2276 (83) 2367 (36)
Mnz-III 5 15360 398 181 7281 0,58 0,4079 (2,7) 7,68 (2,8) 0,1165 (1,2) 0,1365 (1,0) 0,94 2227 (52) 2194 (124) 2205 (117) 2183 (35)
Mnz-III 6 26927 589 231 - 0,06 0,3866 (3,0) 8,14 (3,2) 0,1181 (3,4) 0,1528 (1,0) 0,95 2256 (155) 2247 (143) 2107 (127) 2377 (35)
Mnz-III 7 19041 474 245 4445 1,81 0,3629 (1,8) 6,59 (2,1) 0,0925 (1,2) 0,1317 (1,2) 0,94 1788 (43) 2058 (87) 1996 (71) 2120 (41)
Mnz-III 8 14799 460 284 - 3,04 0,3531 (2,1) 6,00 (2,3) 0,1086 (1,9) 0,1233 (0,9) 0,92 2083 (79) 1976 (91) 1949 (82) 2004 (33)
Mnz-III 9 8484 213 210 2555 5,80 0,3574 (1,8) 6,06 (2,1) 0,1075 (2,0) 0,1231 (1,1) 0,86 2063 (81) 1985 (84) 1970 (72) 2001 (39)
Mnz-III 10 5993 165 95 1367 2,20 0,3714 (2,2) 6,67 (2,7) 0,1074 (1,9) 0,1303 (1,6) 0,81 2061 (78) 2069 (112) 2036 (89) 2103 (55)
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